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Introduction:  In  order  to  more  clearly  define  the  functional  role  of  milky  spots  and  their  components 
in  metastatic  colonization,  we  evaluated  the  lodging  and  progressive  growth  of  ovarian  cancer  cells  in 
peritoneal  fat  that  either  contains  or  lacks  milky  spots.  In  vivo  studies  using  a  panel  of  ovarian  cancer 
cell  lines  showed  that  milky  spots  dramatically  enhance  early  cancer  cell  lodging  on  peritoneal  adipose 
tissues.  Similarly,  conditioned  medium  from  milky  spot-containing  fat  had  a  significantly  increased 
ability  to  direct  cell  migration,  compared  with  conditioned  medium  from  milky  spot-deficient  fat. 
Studies  using  a  panel  of  immunodeficient  mice  showed  that  the  number  and  size  of  omental  milky 
spots  is  not  dependent  on  the  mouse  genetic  background  and,  similarly,  that  ovarian  cancer  cell 
colonization  does  not  depend  on  the  immune  composition  of  the  milky  spot.  Finally,  consistent  with 
the  role  for  lipids  as  an  energy  source  for  ovarian  cancer  cell  growth,  in  vivo  time-course  studies 
revealed  an  inverse  relationship  between  metastatic  burden  and  omental  adipocyte  content. 

Body:  After  escape  from  the  primary  tumor,  ovarian  cancer  cells  in  the  peritoneal  fluid  have  access  to  and  can 
potentially  lodge  within  a  variety  of  tissues  (1,2).  In  both  clinical  disease  and  experimental  models, 
however,  the  omentum  is  the  site  of  prodigious  metastasis  formation  (3-5).  Thus,  attachment  of  ovarian 
cancer  cells  to  the  omentum  represents  an  early  step  in  the  development  of  widespread  peritoneal 
disease  (6,7).  As  the  central  regulator  of  peritoneal  homeostasis,  its  functions  include  regulating  fluid 
and  solute  transport,  sensing  and  repairing  injuries,  promoting  angiogenesis,  fighting  infection,  serving 
as  a  source  of  stem  cells,  producing  regulatory  molecules,  and  storing  and  supplying  lipids  (8-12). 
These  diverse  functions  are  conferred  by  the  cellular  composition  and  architecture  characteristic  of 
human  omenta. 

Aside  from  the  clear  collagenous  membrane  that  acts  as  a  scaffold  for  the  organ,  the  majority  of  the 
omentum  is  composed  of  bands  of  adipose  tissue  that  contain  adipocytes,  blood  and  lymph  vessels, 
immune  cells,  stromal  cells,  and  connective  matrix  components  that  lie  beneath  an  irregular 
mesothelium  (8-12).  In  general,  adipocytes  have  a  variety  of  functions,  ranging  from  lipid  storage  to 
production  of  endocrine  molecules,  and  can  serve  as  an  integrating  hub  for  inflammation,  metabolism, 
and  immunity  (13-20).  A  distinctive  feature  of  the  omental  vasculature  is  the  presence  of  numerous 
branching  blood  vessels  ending  in  tortuous  glomerulus-like  capillary  beds  near  the  tissue  periphery 
(21-23).  Immune  cells  aggregate  around  and  within  these  capillary  beds  to  form  milky  spots,  which 
are  the  major  immune  structure  for  host  defense  of  the  peritoneal  cavity  (20,  25-36).  In  milky  spots, 
both  the  endothelial  lining  of  the  capillaries  and  the  overlying  mesothelium  are  specially  adapted  to 
facilitate  transmigration  of  immune  cells  (35).  Additional  structural  elements  include  plasmocytes, 
fibroblasts,  and  mesenchymal  cells,  as  well  as  collagen  and  reticular  and  elastic  fibers  (21). 

A  comprehensive  literature  review  showed  that  studies  examining  the  role  of  the  omentum  in 
metastasis  focus  on  the  contribution  of  its  individual  components,  and  not  on  the  tissue  as  a  whole.  In 
our  view,  results  from  the  majority  of  studies  support  models  in  which  ovarian  cancer  metastatic 
colonization  is  driven  either  purely  by  milky  spots  or  purely  by  adipocytes.  The  milky  spot-driven 
model  is  based  on  a  large  body  of  in  vivo  data  showing  that,  on  intraperitoneal  injection,  cancer  cells 
rapidly  and  specifically  localize,  invade,  and  proliferate  within  omental  milky  spots  (36-40).  In 
contrast,  the  adipocyte-driven  model  is  based  on  studies  published  since  the  awarding  of  this  grant. 
This  model  was  prompted  by  the  observation  that,  in  its  resting  state,  the  omentum  is  composed 
predominantly  of  adipose  and  that  cultured  adipocytes  can  produce  adipokines  capable  of  promoting 
ovarian  cancer  cell  migration  and  invasion  in  vitro  (41).  Adipocytes  can  also  provide  a  proliferative 
advantage  by  transferring  fatty  acids  to  ovarian  cancer  cells  (41).  Although  both  models  have  clear 
strengths,  neither  addresses  the  intimate  and  dynamic  interaction  among  milky  spots,  surrounding 
adipocytes,  and  other  components  of  omental  tissues. 


2 


Key  Research  Accomplishments: 

1 .  Identified  both  milky  spot  containing  and  deficient  depots  of  peritoneal  adipose  to  use  to  dissect 
that  role(s)  of  milky  spots  and  adipocytes  in  the  promotion  of  ovarian  cancer  cell  metastatic 
colonization. 

2.  Ovarian  cancer  cells  preferentially  colonize  peritoneal  adipose  that  contains  milky  spots. 

3.  Omental  tissues  secrete  a  factor(s)  that  can  promote  ovarian  cancer  cell  migration. 

4.  Milky  spot-containing  tissues  show  enhanced  ability  to  stimulate  directed  migration. 

5.  In  vivo  colonization  of  omental  milky  spots  by  ovarian  cancer  cells  is  not  dependent  on  their 
immune  cell  composition. 

6.  During  progressive  growth  ovarian  cancer  cells  replace  omental  adipose. 

Reportable  Outcomes: 

Several  sources  of  adipose  tissue  are  accessible  to  ovarian  cancer  cells  in  the  peritoneal  cavity. 

There  are  five  major  adipose  depots  structures  in  the  peritoneal  cavity  (2).  As  shown  in  Figure  lA,  a 
lateral  view  of  a  ventral  dissection  allows  visualization  of  the  omentum  (OM),  gonadal  fat  (GF), 
uterine  fat  (UF),  and  mesentery  (MY).  The  ovary  (ov),  uterine  horn  (uh)  and  small  intestine  (si)  are 
indicated  as  points  of  reference.  Further  dissection  allows  for  clear  visualization  of  the  splenoportal  fat 
(SP),  which  surrounds  the  splenic  artery  and  connects  the  hilum  of  the  spleen  to  the  celiac  artery 
(Figure  IB),  and  the  omentum,  shown  isolated  from  the  pancreas  (Figure  1C).  The  gross  structure  and 
relative  size  of  these  tissues  is  shown  in  Figure  ID. 


Figure  1.  The  relative  locations  of  the  main 
peritoneal  adipose  depots.  A:  View  of  the 
peritoneal  cavity  of  a  B6  mouse.  Beginning  at  the 
top  center  and  moving  clockwise  are:  the  omentum 
(OM;  outlined)  located  over  the  stomach  and 
spleen,  the  gonadal  fat  (GF)  surrounding  the  left 
ovaiy  (ov),  the  uterine  fat  (UF)  attached  to  the 
uterine  horns  (uh)  and  the  mesentery  (MY) 
attached  to  the  small  intestine  (si).  B:  The 
splenoportal  fat  can  be  exposed  by  lifting  the 
spleen  with  forceps  (SP;  outlined).  C:  The 
omentum  is  shown  dissected  free  from  the 
pancreas  to  improve  visualization.  D:  relative 
size.  From  left  to  right:  splenoportal  fat  (SP), 
omentum  (OM),  gonadal  fat  (GF),  uterine  fat  (UF) 
and  mesentery  (MY;  with  attached  mesenteric 
root). 
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Interestingly,  in  1995  Takeinori  et  al,  reported  the  presence  of  milky  spots  in  the  splenoportal  fat 
of  New  Zealand  Black  mice  that  are  similar  in  structure  and  composition  to  omental  milky  spots; 
however,  they  did  not  examine  cancer  cell  localization  to  these  structures  t42).  Consistent  with  their 
findings,  we  found  that  both  the  omentum  and  splenoportal  fat  have  archetypal  milky  spot  structures 
(Figure  2A).  In  contrast,  these  structures  were  not  observed  in  uterine,  gonadal  and  mesenteric  fat 
(Figure  2A).  Further,  7  days  after  i.p.  injection  of  SKOV3ip.l  cells,  comparable  cancer  cell  lesions 
were  observed  in  both  omental  and  splenoportal  fat  (Figure  2B)  and  not  other  fat  depots.  IHC  using  a 
human  pan-cytokeratin  (pan-CK)  antibody  showed  that  the  lesions  were  composed  of  SKOV3ip.l) 
cells  intermingled  with  the  immune  cells.  The  specificity  of  IHC  staining  was  confirmed  by  staining 
with  an  IgG  control  antibody  (Figure  2B). 


Figure  2.  Ovarian  cancer  ceiis 
preferentiaiiy  coionize  peri- 
toneai  adipose  that  contains 
miiky  spots.  A:  Milky  spots  (MS) 
are  observed  in  the  adipose  (A)  of 
the  omentum  and  splenoportal  fat 
of  PBS-inJected  and  naive  mice.  In 
contrast,  no  milky  ^ots  were 
detected  in  the  uterine  fat,  gonadal 
fat  and  mesentery,  each  composed 
mostly  of  adipocytes.  Repre¬ 
sentative  data  from  PBS-injected 
B6  mice  is  shown.  Arrows  indicate 
blood  vessels.  Scale  bar  equals  50 
pm.  B.  Standard  histology  and 
IHC  shows  comparable 
colonization  of  milky  spots  in  both 
omentum  and  splenoportal  fat 
after  injection  of  1x10“ 
KOVSip.l  cells  into  Nude  mice). 
Sections  evaluated  by  H&E 
staining.  Epithelial  (cancer)  cells 
within  the  lesions  were  confirmed 
by  IHC  for  cytokeratin  using  a  pan- 
cytokcraiin  (pan-CK)  antibody. 
IHC  using  an  IgG  isotype  antibody 
for  pan-cytokeratin  served  as  a 
control.  The  scale  bar  is  the  same 
for  all  images  and  denotes  100  pm. 

C.  Eval-uation  of  IDS,  CaOVB, 
and  HeyAS  ovarian  cancer  colon¬ 
ization  of  peritoneal  fat  depots  at  7 
dpi.  Cancer  cell  lesions  are 
outlined.  Representative  exam-pies 
of  the  cancer  lesions  occasionally 
seen  in  uterine,  gonadal,  and 
mesenteric  fat  are  shown  in  insets. 

D.  Flow  cytometric  analyses  of 
omentum  (6m),  uterine  fat  (UF), 
gonadal  fat  (GF),  and  mesentery 
(MY)  harvested  from  mice  at  7  dpi 
of  ID8-tdTomato  cells.  Data  is 
presented  as  fold  change  increase 
of  tdTomato-postive  cells  over 
PBS-injected  mice  (right).  Error 
bars  indicate  standard  error  of  the 
mean.  **  denotes  p<0.01 
compared  to  PBS  controls. 
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Ovarian  cancer  cells  preferentially  colonize  peritoneal  adipose  that  contains  milky  spots.  As 

described  in  the  introduction,  a  review  of  the  literature  showed  that  ovarian  cancer’s  predilection  for 
omental  metastasis  formation  can  be  ascribed  to  either  adipose-driven  or  milky  spot-driven 
mechanisms.  However,  these  models  are  based  upon  studies  focusing  on  either  structural  features  (i.e. 
milky  spots)  or  cellular  components  (i.e.  adipocytes)  of  omental  tissue  (25,38,41).  The  availability  of 
peritoneal  fat  depots  that  contain  or  lack  milky  spot  structures  enabled  us  to  distinguish 
experimentally  between  the  two  models  in  the  physiologically  relevant  setting  of  the  peritoneal  cavity. 
We  reasoned  that  if  colonization  were  purely  adipocyte-driven,  ovarian  cancer  cells  would  colonize  the 
various  peritoneal  adipose  depots  to  a  similar  extent  after  i.p.  injection.  In  contrast,  if  milky  spots  drive 
this  process,  the  omentum  and  splenoportal  fat  would  have  cancer  cell  foci  in  their  numerous  milky 
spots,  while  uterine,  gonadal,  and  mesenteric  fat  would  essentially  be  free  of  cancer  cell  colonies. 
Although  our  previous  studies  using  SKOV3ip.l  cells  support  this  latter  model,  studies  using 
additional  ovarian  cancer  cell  lines  are  needed  to  determine  the  generalizability  of  these  findings.  To 
this  end,  the  ability  of  IDS,  CaOV3,  and  HeyA8  cells  to  form  cancer  cell  foci  on  the  five  distinct 
peritoneal  fat  after  i.p.  injection  into  B6  (IDS)  or  Nude  (CaOV3,  HeyAS)  mice  was  assessed  by 
histology.  The  average  number  of  cancer  cells  in  a  representative  section  of  tissue  was  determined  and 


expressed  as  foci/slide  (Table  1).  At 
7  dpi,  numerous  large  foci  of  IDS 
cells  were  seen  within  the  milky 
spots  of  both  the  omentum  (ave.  48 
foci/slide)  and  splenoportal  fat 
(ave.  5  foci/slide)  (Figure  2C).  No 
ovarian  cancer  cells  were  detected 
in  the  uterine  or  gonadal  fat  (Figure 
2C).  In  the  mesentery,  small 
clusters  (<10  cells)  of  cancer  cells 
were  seen  observed  (ave.  2 
foci/slide)  on  the  tissue  periphery 
(Figure  2C,  inset).  In  agreement 
with  these  findings,  CaOV3  cells 
showed  similar  pattern  and  extent 
of  foci  formation  in  the  peritoneal 
adipose  (Figure  2C,  inset). 
Interestingly,  HEYAS  cells  had  a 
greater  ability  to  form  surface  foci 
on  gonadal  fat  (UF)  with  8 
foci/slide  (ave).  [Figure  2C,  inset 
(Table  1)]. 


Table  1.  Histologic  assessment  of  IDS,  CAOV3,  and  HeyAS 
colonization  of  peritoneal  adipose  depots 


Mouse 

Strain 

Cell 

Line 

Tissue 

Type 

Presence  of 
Cancer  Foci  in 
Adipose  Depot^ 

#  Foci/Slide 

Ave.  #  Foci/ 
Slide 

C57BI/6 

IDS 

OM 

5/5 

36,  46,  50, 

51,58 

48 

SP 

5/5 

3, 

3,  6, 

6,  6 

5 

GF 

0/5 

0, 

0,  0, 

0,  0 

0 

MY 

5/5 

1, 

1,  1, 

2,  4 

2 

UF 

0/5 

0, 

0,  0, 

0,  0 

0 

Nude 

CaOV3 

OM 

5/5 

17, 

19,22, 

23,24 

21 

SP 

5/5 

7, 

7, 13, 

13,20 

12 

GF 

1  /5 

1, 

0,  0, 

0,  0 

0 

MY 

5/5 

1, 

2,  2, 

4,  4 

3 

UF 

2/5 

1, 

1,  0, 

0,  0 

0 

HeyAS* 

OM 

4/4 

25, 

27.  29, 

35 

29 

SP 

4/4 

6, 

7.  8, 

10 

8 

GF 

3/4 

1, 

1.  3, 

0 

1 

MY 

4/4 

1, 

4,  6, 

8 

5 

UF 

4/4 

6, 

6. 10, 

11 

8 

®  Incidence  of  cancer  foci  in  organ  in  each  of  5  mice  injected 
HeyAS  mouse  cohort  n=4  due  to  mis-injection  of  an  individual  mouse 


Finally,  to  complement  our  findings  from  our  histological  analyses  and  enable  future  studies,  we 
developed  a  protocol  to  quantitate  the  number  of  cancer  cells  present  in  peritoneal  adipose  depots. 
IDS-tdTomato  cells  were  prepared  and  injected  i.p.  into  B6  mice.  At  7  dpi,  the  adipose  organs  were 
harvested  and  dissociated  into  a  single-cell  suspension.  The  number  of  tdTomato  cells  present  in  the 
population  of  remaining  cells  (i.e.  immune,  endothelial,  and  mesothelial  cells,  fibroblasts,  etc.)  was 
quantified  via  flow  cytometry  as  described  in  the  Materials  and  Methods.  It  should  be  noted  that 
splenoportal  fat  was  excluded  because  its  small  size  prohibited  reliable  cell  recovery.  As  shown  in 
Figure  2D,  omental  tissue  preparations  contained  a  significant  population  of  tdTomato-positive  cells. 
When  quantified  (Figure  2D,  right),  the  omentum  showed  a  ~  12-fold  increase  in  the  number  of  IDS- 
tdTomato  cells  present  over  PBS-injected  controls  while  there  was  no  significant  increase  in  cell  preps 
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from  the  gonadal  fat,  uterine  fat,  or  mesentery.  These  data  support  our  histological  finding  that  ovarian 
cancer  cells  preferentially  colonize  milky  spot-containing  adipose  and  provide  an  additional 
quantitative  method  for  future  studies  by  our  laboratory  and  others. 

Omental  tissues  secrete  a  factor(s)  that  can  promote  ovarian  cancer  cell  migration.  Ovarian 
cancer  cells  specifically  localize  to  the  omentum  within  minutes  after  i.p.  injection  (3,  6,  36).  This 
suggests  that  omental  tissue  produces  a  factor(s)  that  promotes  cancer  cell  homing;  however,  previous 
studies  have  only  examined  the  contribution  of  isolated  adipocytes  (41).  To  address  this  gap  in 
knowledge,  we  first  tested  the  ability  of  omentum-conditioned  media  to  promote  directed  cancer  cell 
migration.  Using  a  modification  of  our  published  method  for  ex  vivo  organ  culture  (6),  omenta  were 
excised  and  allowed  to  normalize  in  DMEM/F12  media  containing  20%  FCS  for  24  hrs.  Tissues  were 
then  rinsed  with  PBS,  placed  in  serum-free  DMEM/F12,  and  maintained  for  up  to  5  days  ex  vivo. 
Tissue  integrity  was  assessed  both  histologically  by  visually  evaluating  intact  (round,  continuous  cell 
membrane)  versus  necrotic  (stellate,  discontinuous  cell  membrane)  adipocytes  and  functionally  by 
measuring  the  level  of  IL-6  in  the  conditioned  media  every  24  hrs.  In  agreement  with  our  previously 
published  studies  (6),  omental  tissues  did  not  show  loss  of  integrity  or  function  under  these  conditions 
(Figure  3). 

After  normalization  in  DMEM/F12  containing  20%  FCS,  omenta  were  rinsed  with  PBS  and  allowed 
to  condition  serum-free  DMEM/F12  for  24  hrs  (subsequently  referred  to  as  conditioned  serum-free 
media;  CSF).  Omenta  maintained  in  serum-free  (SF)  media  are  termed  starved  omenta  (SOM).  The 
combinations  of  omenta  and  media  used  as  chemoattractants  for  the  6  hr  migration  assay  are 
summarized  in  Figure  4A,  upper  panel,  while  representative  membranes  from  the  migration  assays  are 
shown  in  Figure  4A,  lower  panel.  The  number  of  cells  that  migrated  to  the  lower  side  of  the  membrane 
was  determined  by  summing  the  number  of  cells  in  each  of  5  independent  fields  observed  at  lOOx 
magnification. 

Initial  studies  tested  the  ability  of  omenta  harvested  from  CDl  mice  to  promote  migration  of  both 
mouse  IDS  and  human  SKOV3ip.I  cells  (Figure  4B).  CDl  CSF  media  served  as  a  strong 
chemoattractant  for  both  IDS  and  SKOV3ip.I  cells,  resulting  in  a  greater  than  150-fold  increase  in 
migration  relative  to  SF  media  controls.  To  ensure  that  these  results  are  not  specific  to  omenta 
harvested  from  CDl  mice,  CSF  from  B6  and  Nude  mouse  omenta  were  also  tested  in  their  ability  to 
promote  IDS  and  SKOV3ip.I  cell  migration.  As  shown  in  Figure  4C,  CSF  prepared  from  B6  and  Nude 
mouse  omenta  were  a  strong  chemoattractant  for  IDS  cells,  stimulating  migration  on  a  par  with  CDl- 
conditioned  media  (Figure  4B).  Consistent  with  this  finding,  B6  and  Nude  CSF  also  stimulated 
equivalent  levels  of  migration  in  SKOV3ip.l  cells.  Interestingly,  SKOV3ip.l  cells  show  a  consistently 
lower  level  of  migration  than  IDS  cells  in  response  to  media  conditioned  by  omenta  from  CDl,  B6, 
and  Nude  mice.  Taken  together,  these  experiments  showed  that  intact  omental  tissue  can  be  used  as  a 
starting  point  for  efforts  to  identify  one  or  more  secreted  factors  that  promote  ovarian  cancer  cell 
homing  to  omental  tissues. 
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Figure  3.  Evaluation  of  tissue  integrity  and  function  of  tissues  maintained  in  ex  vivo 
culture.  Left  column:  The  appearance  of  freshly  excised  tissues.  Middle  column:  Histology 
of  tissues  maintained  for  24  hr  in  serum-free  i5mEM/F12.  Right  column:  To  assess  tissue 
viability  and  function  under  ex  vivo  conditions,  the  amount  of  lL-6  in  the  SF  culture  media 
was  determined  at  24  hr  intervals.  As  a  control,  the  amount  of  lL-6  secreted  by  tissues 
maintained  in  media  containing  20%  FCS  was  determined  in  parallel.  The  relative  amount  of 
IL-6  at  each  timepoint  is  me  ratio  of  the  measured  IL-6  concentration  to  the  IL-6 
concentration  in  the  control  group.  The  scale  bar  is  the  same  for  all  images  and  denotes  50 
pm.  Error  bars  indicate  standard  error  of  the  mean,  ***  denotes  p<0.001 . 
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Figure  4.  Milky  spot-containing  adipose  tissues  show  enhanced  ability  to  stimulate  directed  migration.  A:  Top: 
Depiction  of  migration  assay  setup.  Cancer  cells  are  placed  in  the  upper  chamber  of  the  transwell  apparatus.  The 
chemoattractant  media,  with  or  without  starved  tissue,  is  placed  in  the  lower  chamber  as  indicated.  Bottom: 
Representative  membranes  from  IDS  migration  assays.  B:  Quantitation  of  IDS  {left)  and  SKOV3ip.l  {right)  cell 
migration  in  response  to  factors  produced  by  omenta  harvested  from  CDl  mice.  Conaitions  are  those  illustrated  in  Panel 
A,  where  SF  denotes  serum  free  media  where  CSF  denotes  conditioned  serum  and  SOM  denotes  starved  omentum.  C: 
Quantitation  of  IDS  {left)  and  SKOV3ip.  1  {right)  cell  migration  in  response  to  media  conditioned  by  omenta  from  either 
B6  or  Nude  mice  [indicated  as  CSF(B6)  and  CSF(Nude),  respectively.  D:  Migration  assay  of  IDS  cells  toward  serum- 
free  media  conditioned  for  24  hr  by  tissue  equivalents  of  omenta  (OM),  splenoportal  fat  (SP),  uterine  fat  (UF)  and 
mesentery  (MY)  harvested  from  B6  mice.  n=5  for  all  conditions.  Error  bars  indicate  standard  error  of  the  mean,  *** 
denotes  p<0.001. 
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Milky  spot-containing  tissues  show  enhanced  ability  to  stimulate  directed  migration.  In  their 
work,  Nieman  et  al.  showed  that  adipocytes  cultured  in  vitro  secreted  cytokines  that  can  promote 
migration  of  SKOV3ip.l  ovarian  cancer  cells  (41).  This  raised  the  possibility  that  migration  of  cancer 
cells  toward  omentum-conditioned  media  could  be  a  strictly  adipose-driven  process.  If  that  were  the 
case,  we  predicted  that  media  conditioned  by  adipose  tissue  lacking  milky  spots  would  promote 
migration  of  ovarian  cancer  cells  to  the  same  extent  as  milky  spot-containing  adipose  tissue. 
Alternatively,  if  milky  spots  play  a  key  role  in  organ-specific  homing,  we  expected  that  conditioned 
media  from  tissues  containing  milky  spots  could  have  an  enhanced  ability  to  promote  migration.  To 
distinguish  between  these  possibilities,  CSF  media  was  prepared  using  weight-matched  tissue 
equivalents  of  omentum,  splenoportal  fat,  uterine  fat,  and  mesentery  and  used  as  a  chemoattractant  in 
transwell  migration  assays.  As  shown  in 

Figure  3  tissues  did  not  show  loss  of  integrity  or  function  for  the  duration  of  the  migration  assay. 
However,  it  was  noted  that  the  IL-6  production  of  the  cultured  uterine  fat  dropped  significantly  at  3 
days  in  culture  (Figure  3).  The  migration-promoting  activity  of  CSF  prepared  from  each  of  these 
tissues  is  summarized  in  Figure  4D.  Media  conditioned  by  omenta  and  splenoportal  fat  caused  a  95- 
fold  increase  in  cell  migration  as  compared  to  SF  media  controls.  In  contrast,  the  absence  of  milky 
spots  in  uterine  fat  and  mesentery  corresponded  with  75%  reduction  in  the  migration-stimulatory 
activity  in  their  conditioned  media  (Figure  4D).  Taken  together,  these  functional  studies  bridge  the 
adipocyte-driven  and  milky  spot-driven  models  and  argue  that  the  presence  of  milky  spots  increases 
the  chemoattractive  potential  of  peritoneal  fat  depots. 

In  vivo  colonization  of  omental  milky  spots  by  ovarian  cancer  cells  is  not  dependent  on  their 
immune  cell  composition.  As  a  first  step  toward  understanding  the  effect  of  the  immune  cell 
composition  of  milky  spot  structures  on  ovarian  cancer  cell  colonization,  experimental  metastasis 
assays  were  conducted  using  immune  competent  (B6)  and  immunodeficient  (Igh6,  Nude,  Ragl,  and 
BN  XID)  mice.  Specifically,  1  x  10^  IDS  ovarian  cancer  cells  were  injected  i.p.  into  all  of  the  5 
different  mouse  strains.  Cancer  cell  foci  were  observed  within  milky  spots  in  each  of  these  mouse 
strains  at  7  dpi  (Figure  5A)  and  were  confirmed  to  be  epithelial  via  positive  staining  for  mouse 
cytokeratin  8/18  (CK8/18).  To  determine  if  the  missing  immune-cell  types  in  the  various  immune- 
deficient  mice  alters  cancer  localization  to  milky  spots,  DAB  area  was  quantified  in  CK8/18  stained 
sections.  Figure  5B  shows  that  ID8  cancer  cells  colonize  omenta  from  each  strain  to  a  statistically 
equivalent  degree.  In  parallel,  1  x  10^  SKOV3ip.l  human  ovarian  cancer  cells  were  injected  into  Nude, 
Ragl,  and  BN  XID  mice,  and  cancer  foci  were  again  found  in  each  mouse  strain  (Figure  5C). 
SKOV3ip.l  lesions  were  stained  for  human  pan-cytokeratin  (pan-CK)  and  found  to  be  cytokeratin- 
positive.  Thus,  ovarian  cancer  cell  colonization  of  omental  milky  spots  is  not  affected  by  deficiency  or 
absence  of  T  cells,  B  cells  and/or  NK  cells  in  these  mouse  strains. 
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Figure  5.  Colonization  of  omental  milky  spots  by  ovarian  cancer  cells  is  not  dependent  on  the  host  immune 
status.  To  test  the  possibility  that  the  immune  composition  of  the  milky  spots  has  a  quantitative  effect  on  ovarian  cancer 
cell  colonization,  mice  with  deficiencies  in  T  cells,  B  cells  and/or  NK  cells  were  injected  i.p.  with  either  PBS  (control) 
or  1x10"  ovarian  cancer  cells.  A:  B6,  Igh6'',  Nude,  Ragl''  and  BN  XID  mice  were  imected  with  mouse  IDS  cells 
(syngeneic  to  B6  background).  Omenta  were  collected  at  7  dpi  and  stained  with  H&E.  Cancer  cell  foci  within  milky 
spots  are  outlined.  IHC  against  mouse  cytokeratin  8/18  (CK8/18)  was  used  to  confirm  that  the  epithelial  origin  of  the 
cancer  cell  foci.  B:  DAB  staining  area  is  used  as  an  indicator  of  cancer  cell  burden  in  omental  tissues.  Values 
calculated  as  the  percentage  of  IDS  with  strong  and  medium  intensity  of  CK8/18  (DAB)  staining  normalized  to  total 
stained  area  of  the  slide.  Error  bars  indicate  standard  error  of  the  mean.  C:  Human  SKOV3ip.l  cells  were  injected  into 
Nude,  Ragl'^'  and  BN  XID  mice  and  treated  similarly  to  IDS  injected  animals.  IHC  for  against  human  pan-cytokeratin 
(pan-CK)  was  used  to  confirm  the  epithelial  origin  of  cancer  cell  lesions.  Samples  from  5  independent  animals  were 
evaluated  for  each  condition  of  each  test.  The  scale  bar  is  the  same  for  all  images  and  denotes  50  pm. 
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During  progressive  growth  ovarian  cancer  cells  replace  omental  adipose.  Mechanistic  studies  by 
Nieman  et  al.  indicated  that  ovarian  cancer  cells  could  use  adipocytes  as  an  energy  source  for  tumor 
growth  (41).  If  this  holds  true  in  vivo,  we  predicted  that  as  cancer  cells  proliferate,  they  interact  with 
and  consume  adipocyte  lipids.  The  ultimate  outcome  of  this  inverse  relationship  between  cancer  cell 
area  and  adipocyte  area  would  be  that,  at  the  experimental  endpoint,  the  omental  adipose  would  be 
replaced  completely  with  cancerous  tissue.  To  test  this  notion,  1  x  10^  IDS  ovarian  cancer  cells  were 
injected  i.p.  into  a  cohort  of  B6  mice.  Groups  of  5  mice  were  euthanized  and  tissues  collected  for 
histologic  analysis  at  1,  3,  6  and  9  weeks  post  injection  (Figure  6A).  Consistent  with  an  inverse 
relationship  between  ovarian  cancer  cell  growth  and  adipocyte  depletion,  there  is  a  marked  reduction 
in  the  adipocyte  area  over  time.  To  quantify  this  change,  we  used  a  pixel-based  image  processing 
protocol  similar  to  milky  spot  quantification  (detailed  in  the  Materials  and  Methods)  to  calculate  the 
adipocyte  area  in  omenta  over  time.  This  showed  a  linear  decrease  in  the  percentage  of  adipocytes  in 
the  omentum  corresponded  to  the  expansion  of  IDS  cancer  cell  lesions  (Figure  6B).  These  data  are 
consistent  with  cancer  cells’  utilization  of  lipids  stored  in  adipocytes  as  an  energy  source  for  their 
continued  growth. 


Figure  6.  Adipocyte  area  of  the  omentum  decreases  during  the  timecourse  ovarian  cancer  growth.  A:  The  first 
panel  shows  a  representative  H&E  stained  section  of  an  omentum  from  a  naive  B6  mouse.  Milky  spots  are  seen  within 
adipose  at  the  tissue  periphew.  The  four  subsequent  panels  show  representative  images  of  omental  tissues  harvested 
from  B6  miee  at  1,  3,  6  and  ^  weeks  post  injection.  The  scale  bar  is  the  same  for  all  images  and  denotes  200  pm.  B: 
Quantitation  of  adipoeyte  area  from  H&E  images.  Reported  values  are  percent  adipoeyte  area  normalized  to  whole 
omental  area.  Data  at  each  time  point  is  based  on  five  independent  animals.  Error  bars  indicate  standard  eiTor  of  the 
mean.  A  linear  regression  of  the  data  points  indicates  a  slope  signifieantly  deviant  from  zero  (p<0.0001)  with  = 
0.8145. 


Conclusions  and  Future  Directions: 

There  is  now  considerable  literature  on  the  structure  and  function  of  milky  spots  in  both  the  omentum 
and  extraomental  sites.  Beginning  in  the  1970s,  investigators  noted  that  ascites  tumors  had  a  proclivity 
for  these  structures  (42).  Subsequent  studies  have  confirmed  and  refined  these  findings  (3,  6,  36).  The 
strength  of  this  work  is  that  it  implies  a  functional  role  for  milky  spots  in  the  early  steps  of  omental 
colonization.  However,  the  weakness  of  the  “milky  spot-driven”  model  prompted  by  this  body  of 
literature  is  that  the  studies  on  which  it  is  based  do  not  consider  the  potential  contribution(s)  of 
adipocytes  and  other  cells  within  the  omentum.  While  the  failure  to  consider  the  contribution  of 
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omental  adipose  in  cancer  metastasis  is  consistent  with  the  now-antiquated  view  of  adipocytes  as  an 
inert  component  of  connective  tissues  (13,  18,  19),  it  is  a  fundamental  oversight  that  must  be  addressed 
if  we  are  to  understand  the  organ  specificity  of  ovarian  cancer  cells. 

In  contrast,  the  adipocyte-driven  model  prompted  by  the  findings  of  Nieman  et  al.,  showed  that  in 
omental  metastases,  ovarian  cancer  cells  at  the  interface  with  adipocytes  contained  abundant  lipids 
(41).  In  vitro  studies  showed  that  the  adipocytes  transfer  lipid  droplets  that  contain  fatty  acids  to 
ovarian  cancer  cells  (41),  that  can  be  used  as  an  energy  source  The  strength  of  their  studies  is  that  they 
focused  on  human  ovarian  cancers  and  identified  a  novel  function  for  adipocytes  in  the  progressive 
growth  of  ovarian  cancer  lesions.  The  weakness  of  this  work  lies  in  its  effort  to  show  that  adipocytes 
drive,  and  are  solely  responsible  for,  early  steps  in  omental  colonization.  The  case  for  adipose  as  the 
sole  determinant  of  the  ovarian  cancer’s  organotropic  metastasis  was  based  on  an  incomplete 
examination  of  the  literature  and  a  biased  approach  to  experimental  design.  As  a  result  of  the  focus  on 
adipocytes,  important  clues  in  the  data  were  overlooked  and  the  potential  contributions  of  milky  spots, 
vasculature,  or  other  unique  characteristics  of  the  omentum  were  neither  tested  nor  discussed.  Thus, 
like  the  milky  spot-driven  model,  this  model  is  also  limited  by  the  narrow  focus  of  the  studies  upon 
which  it  was  based. 

Despite  their  strengths,  neither  the  milky  spot-driven  nor  the  adipocyte-driven  models  address  the 
intimate  and  dynamic  interactions  among  milky  spot  structures,  adipocytes,  and  other  omental 
components.  Integration  of  these  two  models  required  a  fresh  look  from  a  different  perspective.  Thus, 
we  sought  to  understand  why  ovarian  cancers  do  not  colonize  other  sources  of  peritoneal  fat  as 
extensively  as  they  do  the  omentum,  rather  than  more  traditional  omentum-focused  approaches.  This 
led  to  our  novel  strategy  to  compare  colonization  of  peritoneal  adipose  that  either  contains  or  lacks 
milky  spots.  The  report  by  Takemori  et  al  (42),  showing  the  presence  of  milky  spots  in  the 
splenoportal  fat  of  New  Zealand  Black  mice  was  key  to  our  approach.  To  our  knowledge,  the 
splenoportal  fat  band  has  not  been  studied  in  other  mouse  strains,  nor  has  its  colonization  by  any  type 
of  cancer  cells  been  examined  prior  to  the  work  presented  herein.  In  vivo  studies  using  a  panel  of 
ovarian  cancer  cell  lines  (IDS,  SKOV3ip.l,  CaOV3,  and  HeyAS)  yielded  the  most  comprehensive 
assessment  of  ovarian  cancer  cell  lodging  in  peritoneal  adipose  and  provided  clear  data  showing  that 
milky  spots  dramatically  enhance  early  cancer  cell  lodging. 

To  dissect  the  mechanism(s)  by  which  milky  spots  promote  colonization,  we  made  use  of  the 
observation  that  after  i.p.  injection,  ovarian  cancer  cells  rapidly  localize  to  omental  milky  spots, 
suggesting  involvement  of  a  tissue-secreted  factor(s).  Development  of  the  quantitative  transwell 
migration  approach  (Figure  4)  enabled  us  to  assess  the  ability  of  fat  (tissue)-conditioned  media  to 
stimulate  directed  migration  of  ovarian  cancer  cells.  Although  milky  spot-deficient  tissues  (uterine  fat, 
gonadal  fat  and  mesentery)  secrete  one  or  more  factors  that  promotes  directed  migration,  results  from 
in  vivo  assays  indicate  that  this  signal  is  not  sufficient  for  ovarian  cancer  cells  to  achieve  the  high  level 
(both  number  and  size)  of  foci  formation  seen  in  the  omentum  and  splenoportal  fat.  This  suggests  that 
colonization  requires  additional  chemotactic  signals  and/or  tissue  structures.  In  support  of  this  notion, 
in  vivo  assays  showed  that  ovarian  cancer  cells  efficiently  colonize  milky  spots  in  the  omentum  and 
splenoportal  fat.  In  addition,  using  media  conditioned  by  milky  spot-containing  adipose  yielded  the 
novel  finding  that  the  presence  of  these  structures  caused  a  significant  enhancement  in  the  media’s 
ability  to  promote  directed  cancer  migration. 

Our  findings  show  the  critical  importance  of  milky  spots  to  ovarian  cancer  cell  lodging  and  initial 
colonization  of  peritoneal  adipose  (3,  6,  21,  25,  36-40)  and  provide  a  foundation  for  studies  to  identify 
milky  spot  components  involved  in  cancer  cell  homing  and  invasion.  As  a  first  step  toward  this  goal, 
the  use  of  immunodeficient  mouse  strains  allowed  us  to  rule  out  a  requirement  for  B  cells,  T  cells,  or 
NK  cells  for  ovarian  cancer  cell  lodging  within  milky  spots,  confirming  and  expanding  on  the  findings 
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of  Lotan  et  al.  (8)  Previous  studies  have  shown  that  mast  cells  and  macrophages  are  frequently 
observed  in  the  milky  spots  (27,  30,  31,  33).  Macrophages  are  an  intriguing  candidate  as  they  have 
been  shown  to  assist  the  survival  and  growth  of  established  tumors  (43-45).  Further,  the  depletion  of 
peritoneal  macrophages  has  been  shown  to  decrease  ovarian  cancer  tumor  burden  on  the  diaphragm  at 
the  experimental  endpoint  (46).  Milky  spot  macrophages  are  thus  possibly  contributing  to  the  rapid 
and  specific  colonization  of  omental  milky  spots.  Another  possible  source  of  the  omentum’s 
chemotactic  properties  is  the  abundance  of  endothelial  cells  found  in  the  milky  spots.  The  vessels 
within  the  dense  and  tangled  capillary  bed  of  the  milky  spots  have  been  shown  to  undergo  a 
constitutive  level  of  active  vascular  remodeling  (25,  38).  The  activated  endothelial  cells  associated 
with  angiogenic  vessels  are  known  to  support  and  promote  metastatic  disease  (47,  48).  Either  or  both 
of  those  cell  types  could  be  responsible  for  the  prolific  omental  metastases  and  warrant  future  study. 

The  growing  emphasis  on  the  role  of  the  host  tissue  microenvironment  in  metastasis  formation 
stems  from  the  seminal  work  of  Stephen  Paget  showing  that  certain  tumor  cells  (the  “seed”)  have  a 
proclivity  for  specific  organ  microenvironment(s)  (the  “soil”)  (49-51).  A  powerful  but  often 
underappreciated  aspect  of  studies  by  Paget  and  other  pioneers  of  metastasis  research  was  their  innate 
appreciation  of  the  unique  tissue  architecture,  physiology,  and  function  of  the  target  organ  that  is 
essential  to  understanding  metastatic  organ  specificity  (51-55).  The  studies  presented  herein  seek  to 
integrate  milky  spot  and  adipocyte  function  in  the  omentum.  We  propose  a  two-step  model  for  omental 
colonization  wherein  the  localization  of  disseminated  cancer  cells  is  dependent  upon  milky  spots. 
Adipocytes  are  then  required  for  progressive  growth  and  subsequent  spread  of  cancer  cells  to  other 
sites  within  the  peritoneal  cavity.  This  model  is  likely  a  more  accurate  representation  of  the  overall 
process  of  ovarian  metastatic  colonization.  It  is  our  hope  that  both  our  findings  and  discussion  of  the 
larger  literature  will  serve  as  a  framework  for  studies  that  will  continue  to  refine  our  understanding  of 
omental  colonization.  Ultimately,  it  is  our  goal  to  use  this  information  to  extend  the  duration  of 
metastatic  suppression  and  significantly  increase  the  quality  of  life  for  patients  diagnosed  with  ovarian 
cancer. 
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45  Abstract 

46  Control  of  ovarian  cancer  metastasis  formation  requires  identification  and  understanding 

47  of  the  specific  tissue  microenvironments  Involved  in  cancer  cell  colonization  of  the  omentum. 

48  Omental  adipose  is  a  site  of  prodigious  metastasis  in  both  ovarian  cancer  models  and  clinical 

49  disease.  It  is  unusual  as  its  adipocyte-rich  regions  contain  milky  spots,  structures  consisting 

50  of  immune  cells,  stromal  cells  and  structural  elements  surrounding  glomerulus-like  capillary 

51  beds.  Contrary  to  previous  reductionist  studies,  vjork  presented  herein  shows  that  milky  spots 

52  and  adipocytes  play  distinct,  complementary  roles  in  metastasis.  Specifically,  metastasis 

53  assays  using  IDS  and  SKOVSip.l  ovarian  cancer  cells  showed  that  cells  only  lodge  and  grow 

54  within  omental  and  splenoportal  fat,  which  contain  milky  spots,  and  not  other  peritoneal  fat 

55  depots.  Similarly,  media  conditioned  by  milky  spot-containing  adipose  tissue  caused  75% 

56  more  cell  migration  than  media  conditioned  by  milky  spot-deficient  adipose.  Studies  using  a 

57  panel  of  Immunodeficient  mice  showed  that  the  mouse  genetic  background  does  not  alter 

58  omental  milky  spot  number  and  size,  nor  does  it  affect  ovarian  cancer  colonization.  Finally, 

59  consistent  with  the  role  for  lipids  as  an  energy  source  for  cancer  cell  growth,  in  vivo  time- 

60  course  studies  found  an  inverse  relationship  between  metastatic  burden  and  omental 

61  adipocyte  content.  Our  findings  support  a  two-step  model  wherein  both  milky  spots  and 

62  adipose  have  specific  roles  in  colonization  of  the  omentum  by  ovarian  cancer  cells. 

63 
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64  Introduction 


65  It  is  estimated  that  in  2012  nearly  23,000  American  women  will  be  diagnosed  with  ovarian 

66  cancer  and  16,000  will  die  of  their  disease.^  The  majority  of  patients  present  with  metastasis 

67  or  eventually  succumb  to  metastatic  disease  within  the  abdominal  cavity.^  After  escape  from 

68  the  primary  tumor,  ovarian  cancer  cells  populate  the  peritoneal  fluid  and  have  access  to  and 

69  can  potentially  lodge  within  a  variety  of  tissues. However,  in  both  clinical  disease  and 

70  experimental  models,  the  omentum  is  a  site  of  prodigious  metastasis  formation. Thus, 

71  attachment  of  ovarian  cancer  cells  to  the  omentum  represents  a  rate-limiting  step  in 

72  metastasis  formation.®'®  Although  the  importance  of  the  omentum  is  widely  acknowledged, 

73  there  still  is  no  consensus  on  the  role  its  microenvironment  plays  in  ovarian  cancer 

74  metastasis  formation.  This  raises  the  question,  “How  do  ovarian  cancer  cells  specifically 

75  colonize  the  omental  tissue  microenvironment?” 

76  Studies  of  omental  function  date  back  to  Jobert  de  Lamballe,  a  military  surgeon  to 

77  Napoleon  I,  who  was  reportedly  the  first  to  recognize  its  curious  ability  to  fight  injection  and 

78  form  adhesions  to  help  control  injuries.^®  As  a  result  of  nearly  two  centuries  of  investigation,  a 

79  great  deal  is  known  about  the  omentum’s  physiology  and  surgical  applications. As  the 

80  central  regulator  of  peritoneal  homeostasis,  its  functions  include:  regulating  fluid  and  solute 

81  transport,  sensing  and  repairing  injuries,  promoting  angiogenesis,  fighting  infection,  serving 

82  as  a  source  of  stem  cells,  production  of  regulatory  molecules  and  storing  and  supplying  lipids. 

83  Remarkably,  these  diverse  functions  are  conferred  by  the  interaction  of  the  two  structurally 

84  distinct  tissue  types  that  compose  it.  The  translucent  membranes  are  composed  of  collagen 

85  fibers  and  fibroblast-like  cells  enclosed  by  two  closely  opposed  mesothelial  cell  layers  that 

86  assemble  into  a  net-like  structure  with  large  fenestrations  throughout. The  fenestrations 
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87  are  thought  to  be  involved  in  both  fluid  transport  and  adhesion  formation.  A  role  for  this  tissue 

88  in  metastatic  colonization  has  not  been  reported. 

89  In  contrast,  the  adipose-rich  areas  are  composed  of  adipocytes,  immune  cells,  stromal 

90  cells  and  connective  matrix  components  that  lay  beneath  an  irregular  mesothelium. 

91  Adipocytes  have  a  variety  of  functions,  ranging  from  lipid  storage  to  production  of  endocrine 

92  molecules. The  adipose  can  also  serve  as  an  integrating  hub  for  inflammation, 

93  metabolism  and  immunity. A  distinctive  feature  of  the  vasculature  in  omental  adipose  is 

94  the  presence  of  numerous  branching  blood  vessels  ending  in  tortuous  glomerulus-like 

95  capillary  beds  near  the  tissue  periphery. Immune  cells  aggregate  around  and  within  these 

96  glomeruli  to  form  milky  spots:  the  major  immune  structure  for  host  defense  of  the  peritoneal 

97  cavity. In  most  milky  spots,  both  the  endothelial  lining  of  the  omental  capillaries  and  the 

98  overlying  mesothelium  are  specially  adapted  to  facilitate  transmigration  of  immune 

99  cells.^®’^®’'^°  Additional  structural  elements  include  plasmocytes,  fibroblasts  and  mesenchymal 

100  cells,  as  well  as  collagen,  reticular  and  elastic  fibers. 

101  A  comprehensive  literature  review  showed  that  studies  examining  omental  metastasis  take 

102  a  reductionist  approach  and  focus  on  the  role  of  individual  components  of  the  adipose-rich 

103  region.  In  our  view,  results  from  the  majority  of  studies  support  models  in  which  ovarian 

104  cancer  metastatic  colonization  is  either  purely  “milky  spot-driven”  or  purely  “adipocyte-driven.” 

105  The  milky  spot-driven  model  is  based  on  a  large  body  of  in  vivo  data  showing  that  after  i.p. 

106  injection,  cancer  cells  rapidly  and  specifically  localize  to,  invade  and  proliferate  within  omental 

107  milky  spots. An  implication  of  this  model  is  that  cells  within  milky  spots  produce 

108  chemotactic  factors  potentially  responsible  for  cancer  cell  homing  to  and  invasion  of  milky 

109  spots,  as  well  as  provide  a  conducive  microenvironment  for  cancer  cell  survival  and 

110  growth. In  contrast,  the  adipocyte-driven  model  is  based  on  the  observation  that  in  its 
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111  resting  state,  the  omentum  is  predominantly  composed  of  adipose.  Furthermore,  cultured 

112  adipocytes  can  produce  adipokines  capable  of  promoting  ovarian  cancer  cell  migration  and 

113  invasion  in  vitro.^^  Additional  studies  showed  that  adipocytes  could  also  provide  a  proliferative 

114  advantage  by  transferring  fatty  acids  to  ovarian  cancer  cells.'^^  Although  there  are  clear 

115  strengths  to  both  of  these  models,  neither  addresses  the  intimate  and  dynamic  interaction 

116  between  milky  spot  structures,  adipocytes  and  other  components  of  the  adipose-rich  region. 

117  Using  tissue  architecture  and  function  as  a  guide,  we  propose  that  an  alternative,  more 

118  fully  integrated  model  of  metastatic  colonization  is  needed.  To  test  this  we  identified 

119  peritoneal  fat  deposits  (omentum,  mesentery,  uterine,  gonadal  and  splenoportal  fat)  that  are 

120  accessible  to  ovarian  cancer  cells  after  i.p.  injection.^  Of  these,  the  omentum  and 

121  splenoportal  fat  are  reported  to  contain  analogous  milky  spots.^®  We  reasoned  that  a 

122  comparison  of  peritoneal  adipose  that  either  contain  or  lack  milky  spots  could  be  used  to 

123  determine  the  contributions  of  adipocytes  and  milky  spots  to  the  lodging  and  progressive 

124  growth  of  ovarian  cancer  cells  in  physiologically  relevant  tissues.  In  vivo  studies  showed  that 

125  milky  spots  are  an  absolute  requirement  for  cancer  cell  lodging  on  peritoneal  adipose. 

126  Consistent  with  this  finding,  conditioned  media  from  milky  spot-containing  adipose  tissue  has 

127  an  enhanced  ability  to  direct  cell  migration  as  compared  to  conditioned  media  from  milky 

128  spot-deficient  adipose  tissue.  Studies  using  a  pane!  of  immune-deficient  mice  showed  that 

129  the  number  and  size  of  omental  milky  spots  is  not  dependent  on  the  mouse  genetic 

130  background.  Similarly,  ovarian  cancer  cell  colonization  does  not  depend  on  the  immune 

131  composition  of  the  milky  spot.  Finally,  consistent  with  the  role  for  lipids  as  an  energy  source 

132  for  ovarian  cancer  cell  growth,  in  vivo  time-course  studies  found  an  inverse  relationship 

133  between  metastatic  burden  and  adipocyte  content  in  the  omentum.  Our  findings  support  a 
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134  two-step  model  wherein  both  milky  spots  and  adipose  have  specific  roles  in  colonization  of 

135  the  omentum  by  ovarian  cancer  cells. 

136  Materials  and  Methods 

137  Cell  Lines:  The  SKOV3ip.1  human  ovarian  carcinoma  cell  Wne^^  was  a  generously  supplied 

138  by  Dr.  Gordon  Mills  (M.D.  Anderson  Cancer  Center,  Houston,  TX).  These  cells  were 

139  maintained  in  standard  growth  media  [DMEM  containing  D-glucose  (4.5  g/L),  L-glutamine 

140  (584  mg/L)  and  sodium  pyruvate  (110  mg/L)  (Mediatech,  Manassas,  VA),  supplemented  with 

141  5%  Fetal  Bovine  Serum  (FBS;  Atlanta  Biologicals,  Lawrenceville,  GA),  1% 

142  Penicillin/Streptomycin  (P/S)  solution  (5,000  lU/ml  Penicillin  +  5,000  pg/ml  Streptomycin 

143  mixture),  IX  non-essential  amino  acids  and  2X  MEM  vitamin  solution  (all  from  Mediatech)]. 

144  The  IDS  mouse  ovarian  carcinoma  cell  line,  derived  from  and  syngeneic  to  mice  of  the 

145  C57BI/6  background®,  was  generously  provided  by  Dr.  Katherine  Roby  (University  of  Kansas 

146  Medical  Center,  Kansas  City,  KS).  These  cells  were  maintained  in  a  standard  growth  media 

147  [DMEM  supplemented  with  4%  FBS,  1%  P/S  solution  and  5  pg/ml  insulin-transferrin-sodium 

148  selenite  (Roche,  Indianapolis,  IN)].  All  ceils  were  maintained  under  standard  tissue  culture 

149  conditions  (i.e.  in  a  humidified  incubator  at  ST'^C  supplemented  with  5%  CO2). 

150  Mice:  All  mice  were  housed  and  maintained  according  to  Institutional  Animal  Care  and  Use 

151  guidelines  and  under  the  supervision  of  the  University  of  Chicago  Animal  Resource  Center. 

152  Outbred  CD1  mice  were  obtained  from  Charles  River  (Wilmington,  MA).  Inbred  B6 

153  (C57BI/6NHsd;  immunocompetent).  Nude  (Athymic  Nude-Foxn7™:  which  are  T  cell  deficient) 

154  and  BN  XID  (Hsd:NIHS-/_ysf^^Fox/77™6f/(^'^;  which  are  NKcell  and  T  cell  deficient)  mice  were 

155  obtained  from  Harlan  Laboratories  (Indianapolis,  IN).  Ragi  (B6.129S7-F?asf7^'^^^°'VJ;  which 

156  have  no  mature  T  or  B  cells,  no  CD3  positive  and  no  T  cell  receptor  a-p  positive  cells)  and 
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157  Igh6  (B6.129S2-/sf/?/T7^^^^®VJ;  which  lack  mature  B  cells)  mice  were  obtained  from  Jackson 

158  Laboratories  (Bar  Harbor,  ME). 

159  Harvesting  Mouse  Tissues:  The  locations  of  the  well-defined  depots  of  adipose  used  for  the 

160  studies  described  herein  are  described.^  Omenta  were  harvested  as  described  by  Khan  et 

161  a/.^  Splenoportal  fat  bands  were  collected  by  isolating  the  thin,  fatty  band  of  tissue  connecting 

162  the  hilum  of  the  spleen  to  the  pancreas,^®  releasing  it  from  the  pancreas  and  then  carefully 

163  dissecting  it  from  the  spleen.  Uterine  fat  was  excised  from  the  uterine  horns  using  dissecting 

164  scissors.  Similarly,  gonadal  fat  was  excised  from  the  ovaries.  Mesenteries  were  collected  by 

165  first  cutting  the  junction  between  the  small  intestine  and  the  pylorus,  firmly  gripping  the  free 

166  end  of  the  small  intestine  with  forceps,  “peeling”  the  small  intestine  from  the  mesentery  by 

167  pulling  the  tissue  slowly  and  finally  releasing  the  mesentery  from  the  mesentery  root  with 

168  dissecting  scissors. 

169  Preparation  of  Tissues  for  Standard  Histologic  Evaluation:  Tissues  were  processed  for 

170  histological  evaluation  immediately  after  harvest  or  ex  vivo  culture.  Larger  tissues  (whole 

171  gonadal  fat,  uterine  fat  and  mesentery)  were  fixed  in  10%  neutral  buffered  formalin  (Sigma 

172  Aldrich,  St.  Louis,  MO)  for  48  hrs  at  4®C.  Smaller  tissues  (whole  omentum,  splenoportal  fat 

173  and  tissue  equivalents  of  uterine  fat  and  mesentery)  were  fixed  overnight  (12-16  hrs)  in  5% 

174  neutral  buffered  formalin  (Sigma  Aldrich)  at  4'’C.  Fixed  tissue  was  stored  in  70%  ethanol  at 

175  4°C  until  it  was  embedded  in  paraffin.  Tissues  were  sectioned  (4  pm)  and  hematoxylin  & 

176  eosin  (H&E)  stained  by  the  University  of  Chicago  Human  Tissue  Resource  Center.  All 

177  pathological  evaluation  of  tissue  was  performed  by  MC  under  blind  conditions. 

178  Immunohistochemistry:  Tissue  sections  were  deparaffinized  in  xylenes  and  rehydrated 

179  through  serial  dilutions  of  ethanol  to  distilled  water.  Sections  were  subsequently  incubated  in 

180  antigen  retrieval  buffer  (DAKO,  Carpinteria,  CA)  and  heated  in  steamer  to  97°C  for  20  min. 
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181  Primary  antibodies  were  diluted  in  Tris  Buffered  Saline  and  Tween  (TEST)  with  0.025%  Triton 

182  X-100.  Pan-cytokeratin  (clone:  H-240  #sc-15367,  Santa  Cruz  Biotechnology,  Santa  Cruz,  CA) 

183  and  CD45  (clone:  H130  #14-0459-82,  eBioscience,  San  Diego,  CA)  were  applied  to  tissue 

184  sections  at  a  1:100  dilution  and  incubated  for  1  hr  at  room  temperature.  After  application  of 

185  primary  antibody,  slides  were  rinsed  in  Tris-Buffered  Saline  (TBS)  and  biotinylated  secondary 

186  antibody,  diluted  in  TEST  with  10%  mouse  serum  (Jackson  ImmunoResearch,  West  Grove, 

187  PA)  was  applied  to  the  slides.  For  pan-cytokeratin  staining,  sections  were  incubated  with  goat 

188  anti-rabbit  IgG  (1 :200  dilution,  #BA-1000,  Vector  Laboratories,  Burlingame,  CA)  for  30  min  at 

189  room  temperature.  For  CD45  staining,  sections  were  incubated  with  anti-mouse  IgG  (1:100 

190  dilution,  #BA-2001 ,  Vector  Laboratories)  for  30  min  at  room  temperature.  The  biotinylated 

191  secondary  antibody  was  detected  using  the  Vectastain  Elite  ABC  kit  (Vector  Laboratories) 

192  and  DAB  (DAKO)  peroxidase  substrate. 

193  Peritoneal  Metastasis  Assay:  Exponentially  growing  SKOV3ip.1  or  IDS  cells  were 

194  trypsinized  and  prepared  as  a  single  cell  suspension  at  a  concentration  of  2x10®  cells/ml  in 

195  cold  phosphate  buffered  saline  (PBS).  Animals  were  injected  intraperitoneally  with  500  pi  of 

196  the  cell  suspension  (1  x  10®  cells)  at  a  point  equidistant  between  the  inguinal  papilla.  For  all 

197  experiments,  500  pi  of  cold  PBS  was  injected  as  a  negative  control  in  a  parallel  group  of 

198  control  mice.  At  the  experimental  endpoint  of  each  assay,  mice  were  sacrificed  via  CO2 

199  asphyxiation.  Tissues  were  then  harvested,  processed,  sectioned  and  stained  as  described 

200  herein. 

201  Preparation  of  Tissue-Conditioned  Media:  Tissues  were  harvested  under  sterile  conditions 

202  and  immediately  placed  in  sterile  cold  PBS.  After  collection,  “tissue  equivalents”  were 

203  prepared  by  first  weighing  the  omentum  from  an  individual  mouse  and  then  excising  a  strip  of 

204  uterine  fat  or  branch  of  mesentery  of  equivalent  weight.  In  our  studies  we  found  that  a  single 
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205  band  of  splenoportal  fat  weighs  2.90  ±  0.62  mg  (mean  ±  2SD).  Given  that  this  is 

206  approximately  one  half  the  weight  of  an  omentum  (6.72  ±  2.82  mg),  two  fat  bands  were 

207  combined  to  make  one  tissue  equivalent.  Each  tissue  equivalent  was  placed  in  its  own  well  of 

208  a  polystyrene  12-well  plate  containing  1.25  ml  DMEM/F-12  supplemented  with  20%  FBS  and 

209  1%  P/S  and  incubated  at  37°C  with  5%  CO2  as  described  by  Khan  et  al^  Tissues  were 

210  allowed  to  acclimate  to  these  ex  vivo  conditions  for  24  hrs  after  which  the  serum-containing 

211  media  was  removed,  tissues  were  carefully  rinsed  with  PBS  and  then  placed  in  1.25  ml 

212  serum-free  DMEM/F-12  (containing  1%  P/S).  After  24  hrs  of  conditioning,  the  serum-free 

213  media  was  collected  and  used  for  the  transwell  migration  assays  as  described.  For  longer  ex 

214  vivo  culture,  media  was  changed  to  fresh  serum-free  DMEM/F12  at  subsequent  24  hr 

215  intervals,  such  that  the  tissues  were  fed  for  the  first  24hrs  and  starved  for  the  remainder  of 

216  the  assay.  Conditioned  media  from  each  24hr  interval  was  collected.  In  order  to  ensure  that 

217  stimulatory  activity  in  the  conditioned  media  was  due  to  secretion  of  chemotactic  factors  and 

218  not  cellular  breakdown,  tissue  integrity  was  assessed  by  H&E  staining  and  light  microscopy 

219  as  described  by  Khan  et  al.^  Tissue  integrity  was  further  assessed  by  manually  counting  the 

220  number  of  healthy  and  necrotic  adipocytes  on  HScE  sections  and  formulating  a  percentage  of 

221  live  tissue  present.  Tissue  function  was  also  confirmed  by  measuring  interleukin-6  (IL-6) 

222  levels  in  the  conditioned  media.  IL-6  is  produced  by  adipose,  mesothelial  cells  and  immune 

223  cells  and  immediately  secreted  into  the  microenvironment. Specifically,  enzyme-linked 

224  immunosorbent  assays  (ELISA)  for  IL-6  were  performed  on  tissue-conditioned  media  using  a 

225  Mouse  IL-6  Platinum  ELISA  kit  (eBioscience,  San  Diego,  CA)  following  the  manufacturers 

226  instructions. 

227  Transwell  Migration  Assay:  All  migration  assays  used  the  same  physical  setup  with  1  mL  of 

228  conditioned  or  control  media  (unconditioned  culture  media)  to  be  tested  for  chemoattractant 
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229  activity  placed  in  the  lower  chamber  and  cancer  cells  placed  in  8  pm-pore  PET  membrane 

230  transwell  (BD  Falcon,  Franklin  Lakes,  NJ)  which  served  as  the  upper  chamber  of  the  assay 

231  apparatus.  Exponentially  growing  SKOV3ip.1  or  IDS  cells  were  trypsinized  and  resuspended 

232  in  serum-free  DMEM  at  a  concentration  of  3.33  x  10^  cells/ml  or  2.50  x  10^  cells/ml, 

233  respectively.  In  each  case,  600  pi  of  cell  suspensions  (SKOVOip.l  =  2.0  x  10^  total;  IDS  =  1.5 

234  X  10^  total)  were  added  to  the  transwells.  Cells  were  allowed  to  migrate  in  response  to  signals 

235  from  conditioned  or  control  media  for  6  hrs  under  standard  tissue  culture  conditions. 

236  After  incubation,  media  was  aspirated  from  both  chambers  and  the  upper  and  lower 

237  surfaces  of  the  membrane  were  washed  once  with  cold  PBS.  The  membrane  was  fixed  in 

238  10%  buffered  formalin  for  10  min  at  room  temperature.  Residual  formalin  was  removed  by 

239  washing  with  cold  PBS.  Both  sides  of  the  membrane  were  subsequently  stained  with  a  0.05% 

240  crystal  violet  solution  (Fisher,  Fair  Lawn,  NJ)  for  30  min  at  room  temperature  and  washed 

241  once  with  tap  water.  Cells  that  had  not  migrated  through  the  membrane  were  removed  by 

242  gently  wiping  the  upper  membrane  surface  with  a  cotton  swab  and  the  membrane  was 

243  allowed  to  air-dry  overnight.  Finally,  the  membrane  was  removed  from  the  transwell  scaffold 

244  using  a  scalpel  and  mounted  top-surface-facing-up  onto  a  slide  using  Permount  as  the 

245  mounting  medium  (Fisher).  The  number  of  cells  that  had  migrated  through  the  membrane 

246  was  quantified  by  taking  5  random  images  per  slide  at  lOOx  with  an  Axiovert  200M  inverted 

247  microscope  (University  of  Chicago  Integrated  Microscopy  Core  Facility).  Imaged  (NIH)  was 

248  used  to  quantitate  the  total  number  of  migrated  cells  present  in  each  image.  The  counts  from 

249  each  of  the  five  images  were  totaled  to  give  the  number  of  migrated  cells  for  each  sample.  n= 

250  5  for  all  conditions. 

251  Milky  Spot  Identification  Using  Carbon  Nanopowder  Uptake:  Carbon  nanopowder  was 

252  used  to  stain  milky  spot  phagocytes  similarly  to  described  methods.^^  Briefly,  carbon  (<50  nm 
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253  particle  size;  Sigma  Aldrich,  St.  Louis,  MO)  was  mixed  with  PBS  at  a  concentration  of  5 

254  mg/ml  and  sonicated  for  20  min  to  create  a  homogenous  suspension.  The  suspension  was 

255  autoclaved,  allowed  to  cool  to  room  temperature  and  re-sonicated  for  20  min  immediately 

256  before  injection.  Mice  were  i.p.  injected  with  800  pi  of  the  carbon  suspension.  At  14  days  post 

257  injection  (dpi)  mice  were  euthanized.  Omenta  were  harvested  and  fixed  in  10%  formalin  for  2 

258  hrs  at  room  temperature.  Whole  fixed  tissue  was  dehydrated  through  increasing 

259  concentrations  of  ethanol  (i.e.  70%,  90%  and  2x  100%;  10  min  each)  and  cleared  in  xylenes 

260  for  10  min.  Finally,  tissues  were  whole-mounted  between  a  slide  and  coverslip  using 

261  Permount.  Images  of  the  whole-mounted  tissues  were  captured  using  a  CRi  Pannoramic 

262  Scan  Whole  Slide  Scanner  in  the  University  of  Chicago  Light  Microscopy  Core  Facility  and 

263  images  were  processed  with  Pannoramic  Viewer  software  (3D  Histech,  Budapest,  Hungary). 

264  Milky  Spot  Identification  Using  Giemsa  Staining;  Excised  omenta  were  prepared  for 

265  Standard  histologic  evaluation,  with  careful  orientation  of  the  tissues  while  paraffin  embedding 

266  to  produce  longitudinal  sections.  The  whole  omentum  was  serially  sectioned  (4  pm)  and 

267  every  third  section  was  Giemsa  stained  (Fluka,  St.  Louis,  MO).  Slides  were  deparaffinized  in 

268  xylenes  and  rehydrated  through  serial  dilutions  of  ethanol  to  water.  Slides  were  stained  in  5% 

269  Giemsa  solution  (prepared  in  tap  water)  for  4  min,  rinsed  in  tap  water  for  60  sec,  allowed  to 

270  air-dry  and  coverslipped  using  Permount.  Images  of  the  stained  slides  were  captured  using  a 

271  CRi  Pannoramic  Scan  Whole  Slide  Scanner  in  the  University  of  Chicago  Light  Microscopy 

272  Core  Facility  and  images  were  processed  with  Pannoramic  Viewer  software  (3D  Histech, 

273  Budapest,  Hungary). 

274  Three-Dimensional  Rendering  of  Giemsa-Stained  Omentum:  Imaged  software  was  used 

275  to  render  a  three-dimensional  image  of  a  B6  omentum.  Imaged,  Giemsa-stained  omentum 

276  sections  from  an  entire  omentum  were  aligned  using  the  StackReg  plugin. The  resulting 
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277  stack  was  Inverted  and  the  3D  Project  tool,  with  the  interpolate  function  set  to  a  slide  spacing 

278  of  4  pm,  was  used  to  render  a  three-dimensional  image.  This  was  converted  to  8-bit 

279  grayscale  and  false-colored  using  the  Unionjack  color  scheme. 

280  Milky  Spot  Identification  and  Quantitation  in  Giemsa-Stained  Omenta:  Imaged  software 

281  was  used  to  quantify  the  milky  spot  volume  in  the  Giemsa-stained  omental  sections.  Images 

282  were  converted  to  8-bit  grayscale  and  Inverted.  The  Color  Balance  was  adjusted  to  increase 

283  the  contrast  between  the  milky  spots  and  surrounding  tissue.  The  image  was  converted  to 

284  Binary  to  reduce  background  and  Inverted  again.  The  Threshold  was  set  using  the  Auto 

285  function,  resulting  in  an  image  where  milky  spots  are  pure  black  and  the  rest  of  the  tissue  is 

286  pure  white.  The  resulting  immune  aggregates  were  measured  using  the  Analyze  Particles 

287  function.  This  was  repeated  for  each  of  the  Giemsa-stained  sections  per  omentum.  Milky  spot 

288  areas  for  each  omentum  section  were  multiplied  by  4  pm  and  summed  to  produce  a  total 

289  milky  spot  volume.  The  whole  omentum  volume  was  measured  by  adjusting  the 

290  Brightness/Contrast  of  a  grayscale  image  to  darken  the  immune  aggregates.  The  Threshold 

291  was  set  to  include  the  entire  tissue  and  the  image  was  converted  to  a  pure  black  Mask.  To 

292  create  a  cohesive  border  for  the  omentum,  the  Find  Edges  tool  was  applied  and  the  image 

293  was  again  converted  to  a  Mask  and  Fill  Holes  was  selected.  Again,  the  omentum  was 

294  quantified  using  the  Analyze  Particle  function.  Particles  smaller  than  25  pixels  were  excluded 

295  in  the  analysis  to  reduce  any  background  noise.  Areas  for  each  omentum  were  multiplied  by 

296  4  pm  and  summed  to  produce  a  total  whole  omentum  volume.  Macros  of  the  above  image 

297  processing  steps  are  available  as  Supplemental  Methods.  n=5  omenta  per  each  mouse 

298  strain. 

299  Quantitation  of  Adipocyte  Area  in  Omenta  Over  the  Timecourse  of  Metastatic 

300  Colonization.  Omenta  were  harvested  from  mice  at  1,  3,  6  and  9  weeks  after  cancer  cell 
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301  injection  and  tissues  were  prepared  for  standard  histologic  evaluation.  H&E-stained  sections 

302  were  imaged  using  a  CRi  Pannoramic  Scan  Whole  Slide  Scanner.  Using  Imaged,  section 

303  images  were  converted  to  8-bit  grayscale,  the  Brightness/Contrast  was  adjusted  to  darken 

304  the  non-adipocyte  tissue  and  the  image  Threshold  was  set  (using  the  Auto  function)  such  that 

305  only  non-adipocyte  structures  were  transformed  to  pure  black.  These  structures  were 

306  measured  using  the  Analyze  Particles  function  with  particles  smaller  than  25  pixels  excluded. 

307  Resulting  areas  were  summed  to  produce  a  total  non-adipocyte  area.  The  whole  omentum 

308  was  measured  by  adjusting  the  Threshold  of  a  Brightness/Contrast-adjusted  grayscale  image 

309  such  that  the  whole  area  is  converted  to  pure  black.  Again,  the  omentum  was  quantified 

310  using  the  Analyze  Particle  function  excluding  particles  smaller  than  25  pixels  with  the  Include 

311  Holes  option  selected.  Resulting  areas  were  summed  to  produce  a  total  omentum  area.  The 

312  percentage  of  adipocytes  was  calculated  by  subtracting  the  total  non-adipocyte  area  from  the 

313  total  omentum  area  and  dividing  that  by  the  total  omentum  area.  Macros  of  the  above  image 

314  processing  steps  are  available  as  Supplemental  Methods.  A  total  of  three  sections  were 

315  quantified  per  mouse  with  n=5  mice  per  timepoint. 

316  Statistics:  All  statistical  analyses  were  performed  using  GraphPad  Prism  (GraphPad 

317  Software,  La  Jolla,  CA).  Data  was  presented  as  mean  of  biologic  replicates.  All  error  bars 

318  represent  statistical  error  of  the  mean.  Statistical  significance  was  determined  using  one-way 

319  analysis  of  variance  (ANOVA)  followed  by  Tukey-Kramer  multiple  comparison  tests.  One,  two 

320  and  three  asterisks  represent  p<0.05,  p<0.01,  p<0.001 ,  respectively. 

321  Results 

322  Several  sources  of  adipose  tissue  are  accessible  to  ovarian  cancer  cells  in  the 

323  peritoneal  cavity.  The  organ-specificity  of  ovarian  cancer  metastasis  is  often  explained  by 

324  the  omentum’s  anatomic  location  and  tissue  composition.®’^®  However,  to  our  knowledge. 
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325  these  assertions  have  not  been  tested  in  vivo  by  evaluating  ovarian  cancer  cell  lodging  or 

326  growth  in  other  adipose  depots  that  are  accessible  during  peritoneal  dissemination.  There  are 

327  five  major  adipose-rich  structures  in  the  peritoneal  cavity.^  As  shown  in  Figure  1A,  a  lateral 

328  view  of  a  ventral  dissection  allows  visualization  of  the  omentum  (OM),  gonadal  fat  (GF), 

329  uterine  fat  (UF)  and  mesentery  (MY).  The  ovary  (ov),  uterine  horn  (uh)  and  small  intestine  (si) 

330  are  indicated  as  points  of  reference.  Further  dissection  allows  for  clear  visualization  of  the 

331  splenoportal  fat  (SP),  which  connects  the  hilum  of  the  spleen  to  the  pancreas  (Figure  1B), 

332  and  the  omentum,  shown  isolated  from  the  pancreas  (Figure  1C).  The  gross  structure  and 

333  relative  size  of  these  tissues  is  shown  in  Figure  ID.  Interestingly,  it  has  been  reported  that 

334  the  splenoportal  fat  contains  milky  spots  that  are  analogous  to  omental  milky  spots  in  both 

335  composition  and  structure."^®  In  agreement  with  these  published  findings,  histologic  evaluation 

336  of  tissues  confirmed  the  presence  milky  spots  in  the  omentum  and  splenoportal  fat  and  the 

337  absence  of  milky  spots  in  uterine  and  gonadal  fat  (Supplemental  Figure  SI).  In  the  case  of 

338  the  mesentery,  our  findings  differed  somewhat  from  the  literature®^  as  we  only  observed 

339  occasional  minute  clusters  of  lymphoid  cells  which  were  smaller  and  less  structurally  distinct 

340  than  the  milky  spots  seen  in  omental  and  splenoportal  fat  (Supplemental  Figure  SI).  Taken 

341  together  these  data  show  that  during  peritoneal  dissemination,  ovarian  cancer  cells  have 

342  access  to  and  can  interact  with  adipose  tissues  that  either  contain  or  lack  milky  spot 

343  structures. 

344  Ovarian  cancer  cells  only  colonize  peritoneal  adipose  that  contains  milky  spots.  As 

345  described  in  the  introduction,  a  review  of  the  literature  showed  that  ovarian  cancer’s 

346  predilection  for  omental  metastasis  formation  can  be  ascribed  to  either  adipose-driven  or 

347  milky  spot-driven  mechanisms.  However,  these  models  were  prompted  by  reductionist 

348  studies  focusing  on  either  structural  features  (i.e.  milky  spots)  or  cellular  components  (i.e. 
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349  adipocytes)  of  omental  tissue. The  availability  of  peritoneal  fat  depots  that  contain  or 

350  lack  milky  spot  structures  enabled  us  to  experimentally  distinguish  between  the  two  models  in 

351  the  physiologically  relevant  setting  of  the  peritoneal  cavity.  We  reasoned  that  if  colonization 

352  were  purely  adipocyte-driven,  ovarian  cancer  cells  would  colonize  all  of  the  peritoneal 

353  adipose  depots  after  i.p.  injection.  In  contrast,  if  milky  spots  were  required  for  this  process, 

354  only  the  omentum  and  splenoportal  fat  would  be  colonized.  To  test  this,  we  assessed  the 

355  lodging  and  growth  of  IDS  cancer  cells  on  the  five  distinct  peritoneal  fat  depots  after  i.p. 

356  injection  into  B6  mice.  At  7  days  post-injection  (dpi),  large  colonies  of  IDS  cells  were  only 

357  seen  within  the  milky  spots  of  both  the  omentum  and  splenoportal  fat  (Figure  2A,  left).  No 

358  ovarian  cancer  cells  were  detected  in  the  uterine  or  gonadal  fat  (Figure  2A,  right).  When  the 

359  mesentery  was  examined,  the  rare  lodged  cancer  cells  seen  were  associated  with  the  few 

360  immune  aggregates  present  in  that  tissue  (data  not  shown).  Even  at  an  assay  endpoint  (42 

361  dpi)  when  animals  have  peritoneal  disease  burden  that  requires  euthanasia,  no  ovarian 

362  cancer  cells  could  be  detected  by  histologic  evaluation  of  the  fatty  tissues  lacking  milky  spots 

363  (data  not  shown).  As  a  confirmation  of  these  findings,  human  SKOVSip.l  cells  were  similarly 

364  Injected  into  Nude  mice.  At  7  dpi  large  colonies  of  SKOV3ip.1  cells  were  observed  in  milky 

365  spots  within  the  omentum  and  splenoportal  fat  (Figure  2B).  Using  IHC  for  human  pan- 

366  cytokeratin,  we  confirmed  that  these  lesions  were  composed  of  epithelial  (SKOVSip.l)  cells 

367  intermingled  with  the  immune  cells.  The  specificity  of  staining  was  confirmed  using  an  IgG 

368  control  for  the  pan-cytokeratin  antibody  (Figure  2B). 

369  Omental  tissues  secrete  a  factor(s)  that  can  promote  ovarian  cancer  cell  migration. 

370  Ovarian  cancer  cells  specifically  localize  to  the  omentum  within  minutes  after  i.p. 

371  injection. This  suggests  that  omental  tissue  produces  a  factor(s)  that  promotes  cancer 

372  cell  homing;  however,  previous  studies  have  only  examined  the  contribution  of  isolated 
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373  adipocytes. To  address  this  gap  in  knowledge,  we  first  tested  the  ability  of  omentum- 

374  conditioned  media  to  promote  directed  cancer  cell  migration.  Using  a  modification  of  our 

375  published  method  for  ex  vivo  organ  culture,^  omenta  were  excised  and  allowed  to  normalize 

376  in  DMEM/F12  media  containing  20%  FCS  for  24  hrs.  Tissues  were  then  rinsed  with  PBS, 

377  placed  in  serum-free  DMEM/F12  and  maintained  for  up  to  5  days  ex  vivo.  Tissue  integrity 

378  was  assessed  both  histologically  by  visually  evaluating  intact  (round,  continuous  cell 

379  membrane)  versus  necrotic  (stellate,  discontinuous  cell  membrane)  adipocytes  and 

380  functionally  by  measuring  the  level  of  IL-6  in  the  conditioned  media  every  24  hrs.  In 

381  agreement  with  our  previously  published  studies,^  omental  tissues  did  not  show  loss  of 

382  integrity  or  function  under  these  conditions  (Supplemental  Figure  S2,  top  row). 

383  The  experimental  design  used  for  the  migration  assays  is  summarized  in  Figure  3A.  After 

384  normalization  in  DMEM/F12  containing  20%  FCS,  omenta  were  rinsed  with  PBS  and  allowed 

385  to  condition  serum-free  DMEM/F12  for  24  hrs  (subsequently  referred  to  as  conditioned 

386  serum-free  media;  CSF).  Omenta  maintained  in  serum-free  (SF)  media  are  termed  starved 

387  omenta  (SOM).  The  combinations  of  omenta  and  media  used  as  chemoattractants  for  the  6 

388  hr  migration  assay  are  summarized  in  Figure  3B,  upper  panel,  while  representative 

389  membranes  from  the  migration  assays  are  shown  in  Figure  3B,  lower  panel.  The  number  of 

390  cells  that  migrated  to  the  lower  side  of  the  membrane  was  determined  by  summing  the 

391  number  of  cells  in  each  of  5  independent  fields  observed  at  100x  magnification. 

392  Initial  studies  tested  the  ability  of  omenta  harvested  from  CD1  mice  to  promote  migration  of 

393  both  mouse  IDS  and  human  SKOV3ip.1  cells  (Figure  3C).  With  both  cell  types,  the 

394  combination  of  SF  media  and  SOM  during  the  6hr  migration  assay  caused  small,  yet 

395  reproducible,  stimulation  of  migration  above  that  seen  in  the  SF  media  controls.  In  contrast, 

396  CSF  media  served  as  a  strong  chemoattractant  for  both  IDS  and  SKOV3ip.1  cells,  resulting  in 
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397  a  greater  than  150-fold  increase  in  migration  relative  to  SF  media  controls.  The  addition  of 

398  SOM  to  the  CSF  media  (CSF+SOM)  did  not  further  enhance  cell  migration.  To  ensure  that 

399  these  results  are  not  specific  to  omenta  harvested  from  GDI  mice,  CSF  from  B6  and  Nude 

400  mice  were  also  tested  in  their  ability  to  promote  IDS  and  SKOVSip.l  cell  migration.  As  shown 

401  in  Figure  3D,  migration  of  IDS  and  SKOVSip.l  cells  were  statistically  identical  in  response  to 

402  conditioned  media  from  both  B6  and  Nude  omenta.  Interestingly,  IDS  cells  show  a 

403  consistently  higher  level  of  migration  than  SKOVSip.l  cells  in  response  to  media  conditioned 

404  by  GDI,  B6  and  Nude  mice.  Taken  together,  these  experiments  showed  that  intact  omental 

405  tissue  can  be  used  as  a  starting  point  for  efforts  to  identify  the  secreted  factor(s)  that  promote 

406  ovarian  cancer  cell  homing  to  omental  tissues. 

407  Milky  spot-containing  tissues  show  enhanced  ability  to  stimulate  directed  migration. 

408  In  their  work,  Nieman  et  al.  showed  that  adipocytes  cultured  in  vitro  secreted  cytokines  that 

409  can  promote  migration  of  SKOVSip.l  ovarian  cancer  cells.^^  This  raised  the  possibility  that 

410  migration  of  cancer  cells  toward  omentum-conditioned  media  could  be  a  strictly  adipose- 

411  driven  process.  If  that  were  the  case,  we  predicted  that  media  conditioned  by  adipose  tissue 

412  lacking  milky  spots  would  promote  migration  of  ovarian  cancer  cells  to  the  same  extent  as 

413  milky  spot-containing  adipose  tissue.  Alternatively,  if  milky  spots  are  responsible  for  organ- 

414  specific  homing,  we  expected  that  conditioned  media  from  tissues  containing  milky  spots 

415  could  have  an  enhanced  ability  to  promote  migration.  To  distinguish  between  these 

416  possibilities,  GSF  media  was  prepared  using  weight-matched  tissue  equivalents  of  omentum, 

417  splenoportal  fat,  uterine  fat  and  mesentery  and  used  as  a  chemoattractant  in  transwell 

418  migration  assays.  As  shown  in  Supplemental  Figure  S2,  tissues  did  not  show  loss  of  integrity 

419  or  function  for  the  duration  of  the  migration  assay.  However,  it  was  noted  that  the  IL-6 

420  production  of  the  cultured  uterine  fat  dropped  significantly  at  3  days  in  culture  (Supplemental 
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421  Figure  S2).  The  migration-promoting  activity  of  CSF  prepared  from  each  of  these  tissues  is 

422  summarized  in  Figure  3E.  Media  conditioned  by  omenta  and  splenoportal  fat  caused  a  95- 

423  fold  increase  in  cell  migration  as  compared  to  SF  media  controls.  In  contrast,  the  absence  of 

424  milky  spots  in  uterine  fat  and  mesentery  corresponded  with  75%  reduction  in  the  migration- 

425  stimulatory  activity  in  their  conditioned  media  (Figure  3E).  Taken  together,  these  functional 

426  studies  bridge  the  adipocyte-driven  and  milky  spot-driven  models  and  argue  that  the 

427  presence  of  milky  spots  increases  the  chemoattractive  potential  of  peritoneal  fat  depots. 

428  The  number  and  size  of  omental  milky  spots  is  not  dependent  on  the  mouse  genetic 

429  background.  Immune  cells,  including  macrophages,  lymphocytes  and  mast  cells,  are  integral 

430  to  both  the  composition  and  function  of  omental  milky  spots.^^'^®'^®’^^  This  raised  the  question, 

431  “Are  specific  immune  cell  types  required  for  milky  spot  formation,  maintenance  and  function?” 

432  As  a  first  step  toward  answering  this  question,  we  tested  the  possibility  that  mutations 

433  depleting  or  inactivating  specific  lymphocyte  populations  (i.e.  immunodeficient  mouse 

434  models)  could  affect  the  number  and  size  of  omental  milky  spots.  The  majority  of  published 

435  studies  use  two  standard  methods  to  identify  milky  spots.  The  first  employs  a  nonspecific 

436  esterase  stain,  which  colors  macrophages  and  T-lymphocytes  dark  red.^"'  In  our  hands,  this 

437  method  yielded  highly  variable  results  that  were  not  of  sufficient  quality  or  resolution  for 

438  quantitative  analyses  (data  not  shown).  A  second  method  employs  i.p.  injection  of  a  carbon 

439  nanopowder  suspension,  which  is  phagocytosed  by  peritoneal  macrophages  over  a  period  of 

440  days.^^  Tissues  are  subsequently  harvested,  whole-mounted  and  the  number  and/or  area  of 

441  the  black-staining  macrophages  are  used  as  a  measure  of  milky  spot  number  and  size.  When 

442  this  method  works  correctly  the  milky  spot  structures  are  crisp  and  well  defined,  and  they  can 

443  be  visualized  and  counted  under  light  microscopy  (Figure  4A).  However,  we  found  that  this 

444  technique  can  give  inconsistent  results  because  carbon  plaques  (indicated  by  arrows)  often 
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445  form  on  various  peritoneal  surfaces  (Figure  4B).  This  plaque  formation  prevents  both  precise 

446  isolation  (excision)  of  the  omentum  and  accurate  evaluation  of  milky  spot  area  in  the  whole- 

447  mounted  tissue. 

448  To  circumvent  this  problem,  we  developed  a  novel  technique  to  visualize  the  milky  spots 

449  on  a  whole-mount  scale  using  Giemsa  staining.  In  this  approach,  excised  omenta  were 

450  paraffin-embedded  and  the  entire  organ  serially  sectioned  at  4  pm  (resulting  in  ~30-60 

451  sections).  Every  third  section  was  stained  in  a  5%  Giemsa  solution  and  images  of  the  stained 

452  tissues  captured  using  a  CRi  Pannoramic  Scan  Whole  Slide  Scanner  (Figure  4C).  As  shown 

453  in  Figure  4D,  milky  spots  appear  as  dark  blue-staining  areas.  The  identity  of  these  regions  as 

454  milky  spots  was  confirmed  in  serial  sections  by  both  H&E  staining  and  IHC  for  CD45+ 

455  (Cluster  of  Differentiation  45;  common  lymphocyte  marker)  cells  (Figures  4E  and  4F, 

456  respectively).  Milky  spots  from  B6,  Nude,  Rag1,  Igh6  and  BN  XID  mice  were  successfully 

457  stained  with  Giemsa  using  this  method  (Supplemental  Figure  S3).  By  stacking  and  aligning 

458  all  of  the  Giemsa  stained  images  from  one  omentum,  we  were  able  to  produce  a  three- 

459  dimensional  rendering  of  a  mouse  omentum  that  accurately  depicts  the  tissue  architecture 

460  and  presents  a  novel  view  of  the  location  and  structure  of  milky  spots  (Supplemental  Video 

461  S4). 

462  We  used  ImageJ  to  process  the  Giemsa-stained  omentum  slices  in  order  to  produce 

463  images  that  display  both  milky  spots  (Figure  4G)  and  the  whole  omentum  area  (Figure  4H)  as 

464  pure  black  pixels  (the  processing  steps  are  detailed  in  the  Materials  and  Methods  section). 

465  These  black  pixels  were  quantified  using  the  Analyze  Particle  feature  of  ImageJ  producing  a 

466  milky  spot  area  and  a  whole  omentum  area  for  each  slice.  Since  each  section  was  cut  at  4 

467  pm,  those  areas  were  summed  and  multiplied  by  4  pm  to  produce  milky  spot  and  total  volume 

468  for  each  omentum.  Surprisingly,  we  found  no  difference  among  the  milky  spot  volumes 
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469  (Figure  5A)  or  the  omentum  volumes  (Figure  5B)  for  the  5  mouse  strains.  Furthermore,  no 

470  significant  difference  was  found  when  the  milky  spot  volume  was  expressed  as  a  percentage 

471  of  the  total  omentum  area  (Figure  5C).  These  data  show  that  the  volume  of  milky  spots 

472  present  in  the  omentum  is  not  affected  by  deficiency  or  absence  of  T  cells,  B  cells  or  NK  cells 

473  in  these  well-established  immune-competent  and  immunodeficient  mouse  strains. 

474  In  vivo  colonization  of  omental  milky  spots  by  ovarian  cancer  cells  is  not  dependent 

475  on  their  immune  cell  composition.  As  a  first  step  toward  understanding  the  effect  of  the 

476  immune  cell  composition  of  milky  spot  structures  on  ovarian  cancer  cell  colonization, 

477  experimental  metastasis  assays  were  conducted  using  our  panel  of  immune  competent  and 

478  deficient  mice.  Specifically,  1x10®  IDS  ovarian  cancer  cells  were  injected  i.p.  into  syngeneic 

479  B6  mice.  In  parallel,  1x10®  SKOVSip.l  human  ovarian  cancer  cells  were  injected  into  Nude, 

480  Ragi  and  BN  XID  mice.  Cancer  cell  foci  were  observed  within  milky  spots  in  each  of  these 

481  mouse  strains  at  7  dpi  (Figure  6A).  To  confirm  that  the  infiltrating  cells  were  in  fact 

482  SKOVSip.l,  we  stained  relevant  sections  for  epithelial  pan-cytokeratin.  SKOVSip.l  lesions 

483  were  cytokeratin-positive  (Figure  6B)  with  no  discernable  background  staining  in  the  IgG 

484  control  for  the  pan-cytokeratin  antibody  or  PBS-injected  control  mice.  Thus,  ovarian  cancer 

485  cell  colonization  of  omental  milky  spots  is  not  affected  by  deficiency  or  absence  of  T  cells,  B 

486  cells  or  NK  cells  in  these  mouse  strains. 

487  During  progressive  growth  ovarian  cancer  cells  replace  omental  adipose. 

488  Mechanistic  studies  by  Nieman  et  al.  indicated  that  ovarian  cancer  cells  could  use  adipocytes 

489  as  an  energy  source  for  tumor  growth. If  this  holds  true  in  vivo,  we  predicted  that  as  cancer 

490  cells  proliferate,  they  interact  with  and  consume  adipocyte  lipids.  The  ultimate  outcome  of  this 

491  inverse  relationship  between  cancer  cell  area  and  adipocyte  area  would  be  that,  at  the 

492  experimental  endpoint,  the  omental  adipose  would  be  replaced  completely  with  cancerous 
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493  tissue.  To  test  this  notion,  1  x  10®  IDS  ovarian  cancer  cells  were  injected  i.p.  into  a  cohort  of 

494  B6  mice.  Groups  of  5  mice  were  euthanized  and  tissues  collected  for  histologic  analysis  at  1 , 

495  3,  6  and  9  weeks  post  injection  (Figure  7A).  Consistent  with  an  inverse  relationship  between 

496  ovarian  cancer  cell  growth  and  adipocyte  depletion,  there  is  a  marked  reduction  in  the 

497  adipocyte  area  over  time.  To  quantify  this  change,  we  used  an  image  processing  protocol 

498  similar  to  milky  spot  quantification  (detailed  in  the  Materials  and  Methods)  to  produce  images 

499  that  show  all  non-adipocyte  areas  as  pure  black  pixels  as  well  as  the  total  omentum  area  as 

500  pure  black  pixels.  Those  pixels  were  quantitated  in  three  separate  sections  per  mouse  and 

501  showed  a  linear  decrease  in  the  percentage  of  adipocytes  in  the  omentum  corresponded  to 

502  the  expansion  of  IDS  cancer  cell  lesions  (Figure  7B).  These  data  are  consistent  with  cancer 

503  cells’  utilization  of  lipids  stored  in  adipocytes  as  an  energy  source  for  their  continued  growth. 

504  Discussion 

505  There  is  now  considerable  literature  on  the  structure  and  function  of  milky  spots  In  both  the 

506  omentum  and  extraomental  sites.  Beginning  in  the  1970s,  investigators  noted  that  ascites 

507  tumors  had  a  proclivity  for  these  structures.^®  Subsequent  studies  confirmed  and  refined 

508  these  findings. The  strength  of  this  work  is  that  it  implies  a  functional  role  for  milky  spots 

509  in  the  early  steps  of  omental  colonization.  However,  the  weakness  of  the  “milky  spot-driven” 

510  model  prompted  by  this  body  of  literature  is  that  the  studies  on  which  it  is  based  do  not 

511  consider  the  potential  contribution(s)  of  adipocytes  and  other  cells  within  the  adipose-rich 

512  region.  While  the  failure  to  consider  the  contribution  of  omental  adipose  in  cancer  metastasis 

513  is  consistent  with  the  now-antiquated  view  of  fat  as  an  inert  component  of  connective 

514  tissues, it  is  a  fundamental  oversight  that  must  be  addressed  if  we  are  to  understand 

515  the  organ  specificity  of  ovarian  cancer  cells. 
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516  In  contrast,  the  adipocyte-driven  model  prompted  by  the  findings  of  Nieman  et  ai,  showed 

517  that  in  omental  metastases,  ovarian  cancer  cells  at  the  interface  with  adipocytes  contained 

518  abundant  lipids."^^  In  vitro  studies  showed  that  the  adipocytes  transfer  lipid  droplets  that 

519  contain  fatty  acids  that  can  be  used  as  an  energy  source  to  ovarian  cancer  cells. The 

520  strength  of  their  studies  is  that  they  focused  on  human  ovarian  cancers  and  identified  a  novel 

521  function  for  adipocytes  in  the  progressive  grovrth  of  ovarian  cancer  lesions.  The  weakness  of 

522  this  work  lays  in  its  effort  to  show  that  adipocytes  drive,  and  are  solely  responsible  for,  early 

523  steps  in  omental  colonization.  The  case  for  adipose  as  the  sole  determinant  of  the  ovarian 

524  cancer’s  organotropic  metastasis  was  based  on  an  incomplete  examination  of  the  literature 

525  and  a  biased  approach  to  experimental  design.  As  a  result  of  the  focus  on  adipocytes, 

526  important  clues  in  the  data  were  overlooked  and  the  potential  contributions  of  milky  spots, 

527  vasculature  or  other  unique  characteristics  of  the  omentum  were  neither  tested  nor 

528  discussed.  Thus,  like  the  milky  spot-driven  model,  this  model  is  also  limited  by  the 

529  reductionist  studies  upon  which  it  was  based. 

530  Despite  their  strengths,  neither  the  milky  spot-driven  nor  the  adipocyte-driven  models 

531  address  the  intimate  and  dynamic  interactions  among  milky  spot  structures,  adipocytes  and 

532  other  components  of  the  adipose-rich  areas.  Studies  herein  bridge  and  organize  findings  from 

533  both  the  milky  spot-  and  adipocyte-driven  models  into  a  coherent  model  of  omental 

534  colonization.  Our  data  show  that  gonadal  fat,  uterine  fat  and  mesentery  secrete  a  factor(s) 

535  that  promotes  directed  migration;  however,  results  from  in  vivo  assays  show  that  ovarian 

536  cancer  cells  do  not  colonize  these  tissues.  This  suggests  that  colonization  requires  additional 

537  chemotactic  signals  and/or  tissue  structures.  In  support  of  this  notion,  in  vivo  assays  showed 

538  that  ovarian  cancer  cells  efficiently  colonize  milky  spots  in  the  splenoportal  fat  (Figure  2).  In 

539  addition,  media  conditioned  by  adipose  containing  milky  spot  structures  showed  significant 
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540  enhancement  in  its  ability  to  promote  directed  cancer  migration.  After  lodging  within  milky 

541  spot  structures,  ovarian  cancer  cells  begin  to  proliferate.  Finally,  the  role  of  adipocytes  in 

542  supplying  energy  for  cancer  cells’  growth  is  supported  by  the  direct  relationship  between 

543  cancer  cell  growth  and  adipocyte  depletion.  These  agree  with  breast  cancer  models  where 

544  cancer  growth  causes  a  reduction  in  adipocyte  number  and  size  (reducing  the  adipocyte-to- 

545  cancer  area  ratio),  implying  lipolysis  and  possible  adipocyte  de-differentiation.^^ 

546  Our  finding  that  milky  spots  are  required  for  colonization  of  peritoneal  adipose  confirms 

547  and  extends  previous  work'^'^’^®’^°’'*^‘^^  and  provides  a  foundation  for  studies  to  identify  milky 

548  spot  components  involved  in  cancer  cell  homing  and  invasion.  As  a  first  step  toward  this  goal, 

549  the  use  of  immunodeficient  mouse  strains  allowed  us  rule  out  a  requirement  for  B  cells,  T 

550  cells  or  NK  cells  for  ovarian  cancer  cell  lodging  within  milky  spots,  confirming  and  expanding 

551  on  the  findings  of  Lotan  et  a/.®  Previous  studies  have  shown  that  mast  cells  and  macrophages 

552  are  frequently  observed  in  the  milky  spots.^^'^®'^®'^®  Macrophages  are  an  intriguing  candidate 

553  as  they  can  initiate  the  directed  migration  of  disseminated  mammary  cells  using  secreted 

554  epidermal  growth  factor  (EGF)®"*  and  have  been  shown  to  assist  the  survival  and  growth  of 

555  established  tumors.®®'®^  Further,  the  depletion  of  peritoneal  macrophages  has  been  shown  to 

556  decrease  ovarian  cancer  tumor  burden  on  the  diaphragm  at  the  experimental  endpoint.^® 

557  Altogether,  milky  spot  macrophages  are  potentially  the  source  of  the  omentum’s  chemotactic 

558  properties  and  warrant  future  study. 

559  Both  the  mesothelium  and  vasculature  of  milky  spots  may  also  contribute  to  milky  spot 

560  colonization.  A  majority  of  studies  support  the  notion  that  cancer  cells  exploit  the  stomata 

561  over  the  milky  spots  to  gain  access  to  the  interior  milky  spot  structures."^®’®^  It  is  unclear 

562  whether  the  cancer  cells  simply  push  their  way  through  the  stomata  during  milky  spot 

563  invasion®®  or  if  the  mesothelial  cells  surrounding  the  stomata  actively  assist  in  the  localization 
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564  process  by  secreting  a  chemotactic  factor.^^’^'*  Similarly,  endothelial  cells  within  the  highly 

565  fenestrated  capillaries  of  the  omental  glomeruli  may  play  a  role  in  promoting  cancer  cell 

566  migration  to  and  subsequent  growth  within  milky  spot  structures.  For  example,  previous 

567  studies  have  shown  that  VEGF-A  produced  by  endothelial  cells  promotes  the  directed 

568  migration  of  breast  cancer  cell.®^  Furthermore,  endothelial  cells  can  secrete  IL-6,  CXCL8  and 

569  EGF  to  stimulate  migration  and  anoikis  resistance  of  head  and  neck  squamous  cell 

570  carcinoma.®^  In  fact,  the  dense  capillary  network  may  promote  cancer  progression  in  that  high 

571  tumor  microvessel  density  can  negatively  predict  ovarian  cancer  survival.®^  Taken  together, 

572  these  attributes  also  make  endothelial  cells  excellent  candidates  as  primary  promoters  of 

573  metastatic  tumor  growth  at  the  omentum. 

574  While  we  found  that  milky  spot  structures  are  necessary  for  colonization,  the  literature 

575  indicates  that  they  may  not  be  sufficient  for  colonization.  Studies  indicate  that  these 

576  structures  are  also  present  in  other  serous  membranes  including  the  pleural  mesothelium,  a 

577  site  where  we  do  not  observe  ovarian  cancer  cells  in  in  vivo  assays.^®'^®  ®'^  This  suggests  that 

578  in  addition  to  providing  energy,  adipocytes  influence  milky  spot  function.  It  is  now  well 

579  established  that  lipid  droplets,  such  as  those  transferred  to  ovarian  cancer  cells, are  in  fact 

580  highly-regulated  organelles  that  can  participate  in  cell  activation  and  metabolism.  The 

581  potential  contribution(s)  of  lipid  droplets  to  inflammatory  and  neoplastic  processes  is  a  subject 

582  of  intense  interest.®®  Of  particular  relevance  to  omental  colonization,  reports  suggest  that 

583  adipocytes  and  lymphoid  cells  interact  in  a  paracrine  manner  giving  the  adipocytes  properties 

584  that  distinguish  them  from  classical  adipocytes.^®’®®’®^  Similarly,  association  with  cancer  cells 

585  results  in  dysfunctional  adipocytes  that  overexpress  adipokines  and  proteases  that  aid  in 

586  tumor  progression  and  colonization.  For  example,  adipokines  such  as  IL-6  and  IL-8  may 

587  function  as  general  chemoattractants  that  work  in  concert  with  additional  factors  that  specify 
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588  milky  spot  localization."^^’^^’®®  Conversely,  cancer  cells  primed  by  adipocytes  can  also  show 

589  increased  migration  and  invasive  potential. For  example,  breast  cancer  cells  treated  with 

590  adipocyte-conditioned  media  showed  Increased  expression  of  immune  cell-related  genes, 

591  potentially  contributing  to  the  milieu  of  pro-inflammatory  cytokines. 

592  The  growing  emphasis  on  the  role  of  the  host  tissue  microenvironment  in  metastasis 

593  formation  stems  from  the  seminal  work  of  Stephen  Paget  showing  that  certain  tumor  cells 

594  (the  “seed”)  have  a  proclivity  for  specific  organ  microenvironment(s)  (the  “soil”).^^'^^  A 

595  powerful,  but  often  underappreciated,  aspect  of  studies  by  Paget  and  other  pioneers  of 

596  metastasis  research  was  their  innate  appreciation  of  the  unique  tissue  architecture, 

597  physiology  and  function  of  the  target  organ  that  is  essential  to  understanding  metastatic 

598  organ  specificity/^'^^  The  studies  presented  herein  integrate  milky  spot  and  adipocyte 

599  function  in  the  context  of  the  adipose-rich  tissues  of  the  omentum.  We  propose  an  integrated, 

600  two-step  model  for  omental  colonization  wherein  the  localization  of  disseminated  cancer  cells 

601  is  dependant  upon  milky  spots.  Adipocytes  are  subsequently  required  for  progressive  growth, 

602  This  model  is  likely  a  more  accurate  representation  of  the  overall  process  of  metastatic 

603  colonization.  It  is  our  hope  that  both  our  findings  and  discussion  of  the  larger  literature  will 

604  serve  as  a  framework  for  studies  that  will  continue  to  refine  our  understanding  of  omental 

605  colonization.  Ultimately,  it  is  our  goal  to  use  this  information  to  extend  the  duration  of 

606  metastatic  suppression. 
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830  Figure  Legends 

831  Figure  1.  The  relative  locations  of  the  main  depots  of  peritoneal  adipose.  A:  Left  view  of 

832  the  peritoneal  cavity  of  a  B6  mouse,  exposed  via  a  ventral  incision.  This  gross  anatomic 

833  dissection  shows  the  relative  location  of  four  of  the  five  primary  sources  of  peritoneal  fat. 

834  Beginning  at  the  top  center  and  moving  clockwise  are:  the  omentum  (OM;  outlined)  located 

835  over  the  stomach  and  spleen,  the  gonadal  fat  (GF)  surrounding  the  left  ovary  (ov),  the  uterine 

836  fat  (UF)  attached  to  the  uterine  horns  (uh)  and  the  mesentery  (MY)  attached  to  the  small 

837  intestine  (si).  B:  The  fifth  source  of  peritoneal  adipose  is  the  splenoportal  fat,  which  can  be 

838  exposed  by  lifting  the  spleen  with  forceps  (SP;  outlined).  C:  The  mouse  omentum  shown 

839  dissected  free  from  the  pancreas  and  exposed  here  to  improve  visualization.  Although 

840  analogous  to  the  human  omentum  in  composition  and  tissue  architecture,  in  mice  the 

841  omentum  consists  of  a  single  ribbon  of  fat  attached  to  the  pancreas.  D:  Five  sources  of 

842  peritoneal  fat  excised  to  show  relative  size.  From  left  to  right:  splenoportal  fat,  omentum, 

843  gonadal  fat,  uterine  fat  and  mesentery  (with  attached  mesenteric  root). 

844  Figure  2.  Ovarian  cancer  cells  specifically  colonize  peritoneal  adipose  that  contains 

845  milky  spots.  A:  B6  mice  were  injected  i.p.  with  either  PBS  as  a  control  {upper  panels)  or 

846  1x10®  IDS  murine  ovarian  cancer  cells  (lower  panels).  At  7  dpi,  tissues  were  excised  for 

847  histologic  evaluation.  In  control  tissues  (upper  panels)  milky  spots  (MS)  are  seen 

848  interspersed  among  adipocytes  (A)  in  the  omental  and  splenoportal  fat.  In  contrast,  no  milky 

849  spots  were  detected  in  the  uterine  fat,  gonadal  fat  and  mesentery,  each  composed  mostly  of 

850  adipocytes  (with  occasional  vessels  being  observed).  After  IDS  cell  injection  (lower  panels), 

851  large  foci  of  cancer  cells  intermixed  with  immune  cells  were  observed  within  milky  spots  in 

852  the  omentum  and  splenoportal  fat  (outlined  in  yellow).  In  contrast,  IDS  cancer  cells  were  not 

853  observed  in  the  uterine  fat,  gonadal  fat  or  mesentery.  The  scale  bar  is  the  same  for  all 
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854  images  and  denotes  50  \^m.  B:  Nude  mice  were  injected  i.p.  with  1x10®  SKOVSip.l  human 

855  ovarian  cancer  cells.  At  7dpi,  omenta  and  splenoportal  fat  were  excised  for  histological 

856  evaluation.  Sections  were  evaluated  by  H&E  staining.  The  presence  of  epithelial  (cancer) 

857  cells  within  the  lesions  was  confirmed  by  IHC  detection  of  cytokeratin  using  a  pan-cytokeratin 

858  antibody.  IHC  using  an  IgG  isotype  antibody  for  pan-cytokeratin  was  used  as  a  control  for 

859  staining  specificity.  The  scale  bar  is  the  same  for  all  images  and  denotes  1 00  pm. 

860  Figure  3.  Milky  spot-containing  adipose  tissues  show  enhanced  ability  to  stimulate 

861  directed  migration.  Transwell  migration  assays  were  used  to  test  the  ability  of  the  omentum 

862  and  other  peritoneal  adipose  tissues  to  produce  soluble  factors  that  promote  the  directed 

863  migration  of  ovarian  cancer  cells.  A:  Schematic  description  of  experimental  design.  B:  Top: 

864  Depiction  of  migration  assay  setup.  Cancer  cells  were  placed  in  the  upper  chamber  of  the 

865  transwell  apparatus.  The  chemoattractant  media,  with  or  without  starved  tissue,  was  placed 

866  In  the  lower  chamber  as  indicated.  Bottom:  Representative  membranes  from  IDS  migration 

867  assays.  C:  Quantitation  of  IDS  (left)  and  SKOVSip.l  (right)  cell  migration  in  response  to 

868  factors  produced  by  omenta  harvested  from  CD-1  mice.  Conditions  are  those  illustrated  in 

869  Panel  B,  where  SF  denotes  serum  free  media  where  CSF  denotes  conditioned  serum  and 

870  SOM  denotes  starved  omentum.  D:  Quantitation  of  IDS  (left)  and  SKOVSip.l  (right)  cell 

871  migration  in  response  to  factors  produced  by  omenta  harvested  from  B6  and  Nude  mice.  E: 

872  Migration  assay  of  IDS  cells  toward  serum-free  media  conditioned  for  24  hr  by  tissue 

873  equivalents  of  omenta  (OM),  splenoportal  fat  (SP),  uterine  fat  (UF)  and  mesentery  (MY) 

874  harvested  from  B6  mice.  n=5  for  all  conditions.  *p<0.05,  ***p<0.001 . 

875  Figure  4.  An  alternative  protocol  for  labeling  milky  spots  in  mouse  omenta.  A:  A  rare 

876  example  of  a  whole  mount  of  a  B6  omentum  with  clear  milky  spot  labeling  after  carbon 

877  staining.  Scale  bar  =  1.0  mm.  B:  A  more  typical  case  of  a  B6  omentum  ineffectively  stained 
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878  with  several  carbon  plaques  (red  arrows)  obstructing  milky  spot  visualization.  Scale  bar  =  1 .0 

879  mm.  C:  As  an  alternative  to  carbon  labeling,  we  developed  a  method  wherein  naive  mouse 

880  omenta  were  paraffin-embedded,  sectioned  at  4pm  and  stained  with  Giemsa.  Dark  staining 

881  regions  denote  dense  areas  of  immune  aggregates.  D:  Image  of  omental  tissue  section 

882  stained  with  Giemsa.  Milky  spots  are  indicated  with  black  arrows.  E:  Image  of  omental  tissue 

883  section  adjacent  to  D,  stained  with  H&E.  F:  Image  of  omental  tissue  section  adjacent  to  E, 

884  evaluated  by  IHC  using  anti-CD45  antibody  to  identify  lymphocytes  within  the  milky  spot 

885  structure.  The  scale  bar  is  the  same  for  D-F  and  denotes  100  pm.  G:  Mask  of  omentum 

886  section  (same  as  C)  processed  to  show  milky  spots  specifically  converted  to  pure  black 

887  pixels.  H:  Mask  of  omentum  section  (same  as  C)  processed  to  show  the  entire  area  of  the 

888  omentum  converted  to  pure  black  pixels.  The  scale  bare  is  the  same  for  C,  G  and  H  and 

889  denotes  =  1 .0  mm. 

890  Figure  5.  The  milky  spot  volume  of  the  omentum  is  not  affected  to  the  host’s  immune 

891  status.  Giemsa-stained  sections  of  omenta  harvested  from  B6,  Nude,  Ragi,  Igh6  and  BN 

892  XID  mice  were  processed,  sectioned,  Geimsa  stained  and  imaged  to  allow  for  automated 

893  quantitation  of  milky  spot  and  whole  omenta  area  on  each  section  (as  described  in  the 

894  Materials  and  Methods).  Volumes  were  calculated  by  multiplying  the  area  of  each  section  by 

895  4pm  and  summing  sections  from  individual  omenta.  A:  Milky  spot  volume  per  omentum.  B: 

896  Total  volume  of  the  whole  omentum.  C:  Milky  spot  volume  as  a  percentage  of  the  total 

897  omentum  volume.  For  each  mouse  strain,  milky  spot  and  omental  volumes  were  determined 

898  for  5  independent  animals.  Using  one-way  ANOVA,  no  measurements  were  statistically 

899  different  among  any  of  the  mouse  strains. 

900  Figure  6.  Colonization  of  omental  milky  spots  by  ovarian  cancer  cells  is  not  dependent 

901  on  the  host  immune  status.  A:  To  test  the  possibility  that  the  lymphocyte  population  of  the 
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902  milky  spots  has  a  quantitative  effect  on  ovarian  cancer  cell  colonization,  mice  with 

903  deficiencies  in  T  cells,  B  cells  and/or  NK  cells  were  injected  i.p.  with  either  PBS  (control; 

904  upper  panel)  or  1x10®  ovarian  cancer  cells  (lower  panel).  B6  mice  were  injected  with 

905  syngeneic  IDS  cells.  Nude,  Ragi  and  BN  XID  mice  were  injected  with  human  SKOVSip.l 

906  cells.  Omenta  were  collected  at  7  dpi  and  were  processed  for  histology  (using  H&E  staining). 

907  Cancer  cell  foci  within  immune  aggregates  are  outlined.  The  scale  bar  is  the  same  for  all 

908  images  and  denotes  50  pm.  B:  IHC  with  a  pan-cytokeratin  antibody  was  used  to  confirm  that 

909  the  lesions  observed  in  milky  spots  of  Nude,  Rag1  and  BN  XID  mice  at  7  dpi  were  composed 

910  of  SKOVSip.l  cells,  tissue  sections  were  immunostained  with  pan-cytokeratin  antibody.  As  a 

911  control  for  nonspecific  background  staining,  omental  tissue  from  Nude  mice  injected  with  PBS 

912  was  also  evaluated  by  IHC  using  a  pan-cytokeratin  antibody  (far  left  panel).  To  control  for 

913  antibody  specificity,  IHC  with  an  isotype  IgG  for  the  pan-Cytokeratin  antibody  was  used  to 

914  evaluate  omental  tissues  from  mice  injected  with  SKOVSip.l  cells.  Samples  from  5 

915  independent  animals  were  evaluated  for  each  condition.  The  scale  bar  is  the  same  for  all 

916  images  and  denotes  100  pm. 

917  Figure  7.  Adipocyte  area  of  the  omentum  decreases  during  the  timecourse  ovarian 

918  cancer  growth.  A:  The  first  panel  shows  a  representative  H&E  stained  section  of  an 

919  omentum  from  a  naive  B6  mouse.  Milky  spots  are  seen  within  adipose  at  the  tissue 

920  periphery.  The  four  subsequent  panels  show  representative  images  of  omental  tissues 

921  harvested  from  B6  mice  at  1,  3,  6  and  9  weeks  post  injection.  The  scale  bar  is  the  same  for 

922  all  images  and  denotes  200  pm.  B:  Quantitation  of  adipocyte  area  from  H&E  images. 

923  Reported  values  are  percent  adipocyte  area  normalized  to  whole  omental  area.  Data  at  each 

924  time  point  is  based  on  five  independent  animals.  A  linear  regression  of  the  data  points 

925  indicates  a  slope  significantly  deviant  from  zero  (p<0.0001)  with  R^  =  0.8145. 

926 
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927  Supplemental  Figure  1.  Representative  histology  of  peritoneal  fat  deposits  in  naive  B6 

928  mice.  Milky  spots  (MS)  are  seen  at  the  tissue  periphery  adjacent  to  adipocytes  (A)  in  the 

929  omentum  and  splenoportal  fat  of  H&E  stained  tissue  sections.  Milky  spots  are  not  seen  in 

930  H&E  stained  tissue  sections  from  uterine  fat,  gonadal  fat  and  mesentery.  Arrows  indicate 

931  blood  vessels.  The  scale  bar  is  the  same  for  all  images  and  denotes  50  pm. 

932  Supplemental  Figure  2.  Evaluation  of  tissue  integrity  and  function  of  tissues 

933  maintained  in  ex  vivo  culture.  Left  column:  The  effect  of  ex  vivo  culture  on  tissue  integrity 

934  and  cellularity  was  determined  by  histologic  evaluation  of  freshly  excised  tissues.  Middle 

935  column:  Histology  of  tissues  maintained  for  24  hr  in  DMEM/F12  with  20%  PCS  followed  by  a 

936  24  hr  culture  in  DMEM/F12  with  20%  FCS.  Right  column:  To  assess  tissue  viability  and 

937  function  under  ex  vivo  conditions,  the  amount  of  IL-6  in  the  SF  culture  media  was  determined 

938  at  24  hr  intervals.  As  a  control,  the  amount  of  IL-6  secreted  by  tissues  maintained  in  media 

939  containing  20%  FCS  was  determined  in  parallel.  The  relative  amount  of  IL-6  at  each 

940  timepoint  is  the  ratio  of  the  measured  IL-6  concentration  to  the  IL-6  concentration  in  the 

941  control  group.  The  scale  bar  is  the  same  for  all  images  and  denotes  50  pm.  ***p<0.001 . 

942  Supplemental  Figure  3.  Visualization  of  omental  milky  spots  using  Giemsa  staining. 

943  Omenta  from  naive  BL6,  Nude,  Rag1,  Igh6  and  BN  XID  mice  were  excised,  sectioned  and 

944  stained  with  Giemsa.  Left:  Whole  omentum  image,  dark  blue  staining  regions  coincide  with 

945  milky  spot  structures.  Right:  At  higher  magnification,  milky  spots  are  seen  as  dark-staining 

946  regions  of  immune  cells. 

947  Supplemental  Figure  4.  Three-dimensional  rendering  of  mouse  omentum.  Giemsa 

948  stained  sections  of  a  naive  B6  omentum  were  stacked,  aligned  and  projected  into  a  3D 

949  rendering  of  the  whole  tissue.  This  false  colored  image  depicts  milky  spots  as  white  and 

950  stromal  architecture  as  blue. 
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951  Supplemental  Methods.  Macros  used  for  quantification  of  omental  tissue  components. 


952 

953  Milky  Spot  Area  Quantification  of  Giemsa-Stained  Tissue 

954  run("8-bit"); 

955  runflnvert  LUT"); 

956  runfColor  Balance..."); 

957  setMinAndMax(146, 224); 

958  call("ij.lmagePlus.setDefault16bitRange",  0); 

959  run("Apply  LUT",  "stack"); 

960  run("Make  Binary", " "); 

961  runflnvert  LUT"); 

962  setAutoThreshold("Default"); 

963  //run("Threshold..."); 

964  setThreshold(24, 255); 

965  runfConvert  to  Mask", " "); 

966  run("Analyze  Particles...",  "size=0-lnfinity  circularity=0.00-1 .00  show=Masks  display 

967  summarize  stack"); 

968 

969  Omentum  Area  Quantification  of  Giemsa-Stained  Tissue 

970  run("8-bit"); 

971  //run("Brightness/Contrast..."); 

972  setMinAndMax(200, 255); 

973  call("ij.lmagePlus.setDefault16bitRange",  0); 

974  setAutoThreshold("Default"); 

975  //run("Threshold..."); 

976  setThreshold(0, 247); 

977  setThreshold(0, 247); 

978  runfConvert  to  Mask", " "); 

979  runfFind  Edges",  "stack"); 

980  runfConvert  to  Mask", " "); 

981  runf  Convert  to  Mask", " "); 

982  run("Fill  Holes"," "); 

983  run("Analyze  Particles...",  "size=25-lnfinity  circularity=0.00-1 .00  show=Masks  display  include 

984  summarize  stack"); 

985 

986  Non-Adipocyte  Area  Quantification  of  H&E-Stained  Tissue 

987  run("8-bit"); 

988  //run("Brightness/Contrast..."); 

989  setMinAndMax(161 , 255); 

990  call("ij.lmagePlus.setDefault16bitRange",  0); 

991  //run("Threshold..."); 

992  setAutoThreshold("Default"); 

993  setThreshold(0,  195); 

994  run("Analyze  Particles...",  "size=25-lnfinity  circularity=0.00-1 .00  show=Masks  display 

995  summarize"); 

996 

997  Omentum  Area  Quantification  of  H&E-Stained  Tissue 

998  run("8-bit"); 
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999  //run("Brightness/Contrast..."); 

1000  setMinAndMax(243, 255); 

1001  call("ij.lmagePlus.setDefault16bitRange",  0); 

1002  setAutoThreshold("Default"); 

1003  //run("Threshold..."); 

1004  setThreshold(0, 248); 

1005  run("Analyze  Particles...",  "size=25-lnfinity  circuiarity=0.00-1 .00  show=Masks  display  include 

1006  summarize"); 

1007 

1008 
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